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ON THE DYNAMIC FORCING OF SHORT-TERM CLIMATE FLUCTUATIONS BY FEEDBACK MECHANISMS 


by 

Elmar R. Reiter 
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ABSTRACT 


The energies involved in the general circulation of the atmosphere, especially the zonal available 
potential energy, show con iderable interannual variability, suggesting the presence of various internal feed- 
back mechanisms in the ocean-atmospnere system. The presence or absence of stratospheric warming events and of 
tropospheric blocking ridges has a profound effect on winter weather in the northern hemisphere. An interannual 
as well as a long-term variability of the hydrological cycle, largely ignored in present climate research, can 
affect the general circulation especially through the generation of available potential energy. Such variations 
in the hydrological cycle become apparent in the variability of northern hemisphere continental precipitation. 
Effects also have to be suspected in the stor‘’,j.’ of precipitable water in the troposphere and in the evaporation 
rate from the ocean which, in turn, is influenced by the general circulatio.i. Sea-surface temperature (SST) 
variations appef.r to have some effect on the hydrological cycle. 

These SST variations, appearing as large-scale and long lasting anomalies, can have a variety of causes, 
such as local anomalies in wind stress and advection withii the large-scale oceanic current systems. Thes" 
ocean currents appear to undergo interannual variations as we'l as long-term trends. The possible existence of 
feedback mert;anism<^ between ocean and atmosphere seem to be evident in some of the data from the North Pacific 
and North Atlanlic. One of these proposed mechanisms invpives *he variation in the convergence betweet the 
North and South Pacific trade-wind systems and is stronoly reflected in rainfall variability within the dry 
region of the eguatorial Pacific Similar variations appear in low latitude SST anomalies of selected regions, 
notably off the coasts of California and Peru, the latter r.rea known for the "El Ni^o" phenomenon. That phenom- 
anon also appears to be tied to the aforementioned trade-wind variability over the Pacific 

The convergence between the two trade-wind systems in the Atlantic region also undergoes marked interannual 
variations, strangely enough in a quasi-biennial cycle. This quasi-biennial oscillation (QBO) in trade-wind 
convergence over the Atlantic (not present over the Pacific) appears to be tied to the global QBO of equatorial 
stratospheric winds and to regional rainfall regimes in the dry egion of northeastern Brazil. A variability 
pattern of SST's with a QBO has been detected off the coast of Senegal, in the Gulf oi Guinea and even in the 
Gulf Stream as it leaves the North American continental shelf. Possible physical connections between some of 
these QBO's are pointed out by a hypothetical feeooack model. It is also suggested that 'Pteraction of a QBO 
with the annual cycle may lead to "beating frequencies" resembling climatic trends of a duration of several 
years, and being evident in some rainfall records of the dry region oi northeastern Brazil. 



Thp tact that climatic changes have occurred 
during the last millennium is clearly evident from 
historical records. Ipochs like the "Little Ice Age", 
the "Irish Potato Famine" and the climatic optimum of 
the 1940' s are but a tew evamples ot documented cli- 
mate extremes ot hemisphere-wide impact (see eg. 
Lamb, 197?, 1977). 

During the last two decades some ot our geophysi- 
cal data bases have achieved a good enough guality to 
be scrutinired tor clues as to the causes of the 
recent climate deterioration that seems to have oc- 
curred, at least in the northern hemisphere, since the 


1940' s. Some ot these data have been used to search 
tor climatic changes that implicate the behavior ot 
the genera’ circulation ot the atmosphere on large, 
even hemispheric, scales. We have come up with a 
wealth of interesting evidence that is stilt too 
diversified tr lend itself to a unified modelling of 
climatic change. Nevertheless, the evidence available 
so far strongly suggests the existence of several 
important feedback meclianisms within the geophysical 
system that may cause climatic fluctuations of magni- 
tudes similar to those observed during recent history. 


2. EVIDFNCF Of RtCfNT CLIMATE VARIATIONS 


2.1 Tempe r ature 

Ange'l and Korshover (1977, 1978) have recently 
a taly/ed northern hemisphere temperature trends from a 
selection of radiosonde data. Iheir choice of sta- 
tions was intended to minimize geographical bias. 
Figure 1 indicates a cooling trend in the arly 
1960 s, especially in extratropical latitudes. This 
trend appears to have diminished, perhaps even disap- 
peared, lately. The overall amplitude of the decline 
in the mean temperature of the extratropical atmo- 
sphere during the last two decades appears to have 
been of the order of 1°C. The tropics, according to 
Fig. 1, reveal a relatively strong interannual vari- 
ability of mean temperature, but not much of a long- 
term trend. Ti, is means that the meridional tempera- 
ture gradient between equator and pole undergoes 
interannual fluctuations as well as long-term trends. 
Since it is this temperature gradient which d ives the 
general circulation of the atmosphere we should search 
for manifestations of climatic change in parameters 
which characterize the general circulation. Secondly, 
we might explore possible cau- es for the ituerannual 
vari.ability of atmospheric meridional temperature 
gradients. 


with parenthesized suhscipts indicate mean values, 
averaged with respect to the subscripts in parenthe- 
ses. Similarly, parenthes ized teims with paienthe- 
sized subscripts symbolize departures from the mi an 
values along coordinates given by the subscripts. 
Standard meteoroloijical not linn ha^ been used (', 
temperature, g - acceleration due to gravity, c 


specific heat of air at ronstant pies.ure, z height. 
A - geographic longitude, o = geograptiic latitude. •' 
is a measure of the thermal stability of the atmo- 
Sfihere. Ihe above formulations do not incluile moist 
available energy (MAF), expressions lor witirh were 
derived recently by toienz (19/8. 1979). 


The widely fluctuating behavior of A^ is evident 

from Fig. ? which contains unsmoothed and 7-mnnth 
smoothed monthly departures of thij parameter from its 
long-term monthly mean values. 

Computations were made using data compiled tiy the 
National Meteorological Center (NMC) and available at 
the National Center of Atmospheric Research (NCAR). 
Integrations performed according to tqn. (1) comprised 
the atmospheric volume north of 20°N and trom 1000 mb 
to 100 mb. 


2.2 -Pote nti al Energy 

A parameter which is relatively easy to measure 
and wnich characterizes the main energy reservoir of 
the general circulation of the atmosphere is the zonal 
available potential energy, A^ (Lorenz, 1965, ^'67; 

Muench. 1966; Reiter, 1969a) defined as 


P 



in units of energy per unit of mass and unit of area. 
A somewhat different definition of A^ has been pro- 
posed by Pearce (1978) which makes it unnecessary to 
estimate the vertical temperature lapse rate. In 
these two equations we have used an averaging notation 
introduced by Reiter (1969b), whereby bracketed terms 


The unruly behavior of A^ is not always compen- 
sated for hy opposite fluctuations in eddy available 
potential energy, , or in the zonal and eddy modes 

of kinetic energy, and Iherefoie the sum of 

the four zonal and eddy, available potential and 
kinetic energy modes is es ent’ally non-constant. 
This fact is also reflected in Fig. 2 which contains 
in its lower portion the monthly departures from the 
mean values of the A^+A^+K^+K^ 

One interesting feature of Fig. 2 u the large 
amplitude of interannual fluctuations in A^ especially 

in the 1960's. The winter of 1976/197/ -- one of the 
most anomalous seasons on record in the eastern United 
Stall s - again seem^. to herald a period of increasing 
fluctuations in A^ as well as in the total energy. 

Especially noticeable is the appearance in some 
years of a "mid-winter dip" in A^ th.it is not compen- 
sated for by the remaining three energy modes. Starr 
(1976) showed that such r<ips in the energy distri- 
bution occur together with stratosptieric warming 
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f '<4 1. (■!) Anruj.i’' irte.ui t empei ilure (°C) from .urfacp to 100 mt, for regions indicated. Ite numb* ' 'efi-' 

to the fuimtiet of t^tions used in e.rch temperature e-.timate. (b) lemperrturr- /rrirtion' f i' m>- 
gitnt and layers indicated. Tne Mt Ai, iq and Fuegu eruptions are marted at 'be bottum the 

.)t ipb. A l-?'l .mouthing has been app. "d twice to the ^ea'onal value' .and to t*ie confiden.e 

limits given for the 100*30 mb layer. 'he>e bars extend over two standard deviatiofi 'ntm .-'‘he' 

ide of the me.in. (frtm A tgell and Koshove' , 197/, 1978.) 



fig. 2. Departure, of monthly mean value-, o' 
A, (upper portion of diagram) and o* 

A,'Ar'N;'Kr (lower portion of dia- 
' t l It .1 

,ram) in 10 Jm ' from their respec- 
tive long-term monthly mean values 
Dots and thin lines represent actual 
mr.nthly mean values, heavy lines wer* 
obtained by appl ication of a seven- 
month runninq-niean filter. Vertical 
coordinate lines indicate the month 
of January of each /ear. 
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events and with the establishment of hlockiej anti- 
cyclones in the Pacif c and Atlantic sectors. Ihese 
anticyclone^ tend to lansport an abnormally large 
amount of heat northward m the troposphere, causim^ a 
warming in high latitudes and a cooling in middle and 
low latitiides, hence a hemispheric decrease in A^ 

(*friiuirk 19?7, Reiter and McGuirk. 1976, McGuirk and 
Rp’ter, 19/6, 19/7) A typical example of such a 

"mid-winter dip" in A^ is exhibited in Fig. 1 for the 

winter of l‘</6/77, which wa > cha'actf ri/ed by record- 
eaking low temperatures ovei the eastern United 
States and by a persistently cold sea surface tempera- 
ture (SST) anon.ily in the Centr.i) North Pacific during 
the preceding summer and autumn (Namias, l9/3j. 

Some uf the large-, impl itude variations of A^ 

shown in f ig 2 can be explained as long-term transi- 
tions of the atmc'spher'c general circulation between a 
dominantly zonal conf igui.it 'on and a h igh- amp 1 itude 
>eqimi- ..ii certain 'ong nlanetary wave modes. 

It seem- to be qener.illy accepted that strato- 
•.pheric warming event', aie triggered by tropospheric 
long-wave diturhances As the stratospheric vortex 
bleats down, or at lea .t as' umes a dominant wave- 
numt'er con* ujurat ion (labitzlie, 197/), the tropo- 
spheric circulation is influenced by the stratosphere 
through a feedback mechanism ( Matsuno, 1971). A 
dominance of Pacific and Atlantic blocking highs with 
strong persistence and recurrence tendencies seems to 
be Itie result of such a feedback. Because of this 
persistence and recurrence, large regional climatic 
anomalies have to he expected during periods of block- 
ing activity (Rex, 1950a, b, 1951). 

If a feedbarx between tropospheric and strato- 
spheric flow disturbances were the only mechanism 
involved in stratospheric warming, blocking anticy- 
clone generation, and the mid-winter dip in A^, why 

don't these processes occui randomly distributed 
during every cold season? Why, indeed, do we find 
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fig. 1. Daily values of A^ (units 10 Jm ) during 

winter of 1976/77 (data courtesy of B. 
Macdonald). 


perturbations in A^ and in total energy with ampli- 

turtes as high and with periods as long as those indi- 
< at**d in Fig. ?? 

Because n* the high amplitudes of A, variations 

shown in that diagram (approximately 10 x 10 Jm ' in 

5 -? 

the unsmoothed monthly mean data and 6 x 10 Jm in 
the smoothed data, as compared to an annual average 

5 -2 

value of A^ of approx imately 30 x 10 Jm ) we can 

rule out variaf, (lity in solar output as the main cause 
of short-term climate variations involving A^. The 

non-constancy of (A^«A^*K^xK^ )^ raises tne suspicion 

that the energy "throughput" through the system called 
the 'general circulation of the atmosphere", being 
controlled by diabatic energy generation and dissipa- 
tion processes, might undergo significant interannual 
variability. These diabatic processes could be mny- 
fold and are influenced themselves by the character 
and state of tne general circulation through feedback 
processes. 

In the course of our lecent research we have 
considered, so far, only two of these processes: One 

involves the hydrological cycle and its potential 
variability. Ine other considers the possible effects 
of air-sea interactio" on atmospheric circulation 
patterns. 

?.3 The Hydrological Cycle 

According to Eqn. (1) the zonal available po- 
tential energy depends on the variance of temperature 
with latitude ’nd, therefore, on the mean meridional 
temperature gradient. A 20% ir'.rease in A^, i.e. in 

the meridional variance of temperature, could he 
transl.ited into an increase of the mean meridional 
temperaturi; gradient between equator and prle from 
40°C to 44°C, i.e. by roughly 4“C or 10%. 

We have shown earlier that the development of 
high-.im[)l itude blocking ridijes in middle and t'ifh 
latitudes could have an impact on the mean meridional 
temper.3ture gradient of the required maqni,ide. A 
simple estimate will convince us that a possible 
variability in the release of latent heat, hence in 
the efficiency of the hydrological cycle, might pro- 
duce similar changes in the mean meridional tempera- 
ture gradient. 

In order to cause a variation of 4°C in the 
meridional temperature difference between po'e and 
equator, which would be commensurate with the inter- 
annual variability of A^, a surplus or deficit of 

approximately 1.5 cm of precipitation in low-latitude 
belts of significant width would be required. (To 

heat one kg of air per cm‘ by 1“C would require 1.0046 

X 10^^ ergs. The latent heat release from 1 cm of 

precipitation pc” cm of surface amounts to 2.47 x 

10^*^ ergs. Thus, 0.41 cm of precipitation is required 

2 

to heat the equivalent of an air column of 1 cm cross 
section by 1®C. ) A precipitation variability in high 
latitudes of th» same magnitude, spread over a lati- 
tude belt of significant width, would have the same 
effect. 

To test the potential interannual variability of 
the hydrological cycle and its impact on the general 
circulation we conducted two preliminary studies; One 
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dpalt with the inter.innual and long-term variabi 1 Ities 
of continental precipitation in the northern hemi- 
sphere (Corona, 1978, 1979). The other addressed 
itself to the variability of rainfaf 'n the oceanic 
sectors of the intertropical convergenr* me 

The estimation of area-average;) (-recipitalion 
over the continents poses considerable difficulties, 
caus'd by neasuiement errors, by sampling biases 
especially with shower-type p'‘ecipitation (see e.g. 
Patrinos et al., 1979), and by the application of 
interpolation techniqies that might give undue weight 
to such local sampling biases. j arrive at an 
assessment of hemispheric precipitation variability 
one requires data over the oceanic regions Such data 
are presently not available. Guesses 'n... satellite 
microwave and cloud-cover observations orly provided 
the sti 1 l-to-.oe-checkcd, tentative conclusion that the 
variabiTity of precipitation over the northern hemi- 
sphere oceans does not counterbalance *he variability 
ohserv?d ever the continents -* allowing for all the 
shoricomi nqs in t.iesn estimates 

Combining monthly precipitation data from over 
1000 stations anj for the period 1935-1974 into con- 
tinental area averages, several interesting features 
can be pointed out with regard to possible long-term 


trends in the hydrological cycle of the northern 
hemisphere. 

Figures 4 to 9 contiin fh-' monthly anomalies of 
area-averaged precipitation lor North and Central 
America and for the co. tinental comple* of Europe, 
Asia, and Africa north of the equator. Seven- and 
eleven-month smoothed time series of the anomalies are 
also shown. The North America'; droughts of the mid- 
fifties and mid-sixties appear in the smoothed time 
series of that continent. A significant decrease of 
precipitation was recorded over the Eurasian and North 
African continental regions between 1940 and 1946 We 
became suspicious that this decrease in precipitation 
might have been due to better observational coverage 
of rainfall, especially in the region south of the 
Sahara (fig 10) With a better definition of the 
rainfall gradient between the moist tropical belt a.ad 
the dry Sahara, the applied interpolation routine, 
consisting of an area tri angulation between observing 
stations (Corona, 1978), would delineate the dry 
sutUopical belt mor« precisely and assign to it a 
grea’e- relative weigh*. In the absence of observing 
stations in the transition region from a dry to a 
moist regime the tiiangle interpolation scheme assumes 
too high a rainfjll in the dry interior of North 
Africa. 



Fig. 4. Time series containing 40 years of average monthly coitinental precipitation departures 
from monthly mean values for North America. Vertical lines indicate the month of January 
(Corona, 1979). 



Fig. 5. 


Data set of Fig. 


4 with seven-month running-mean fil* 


applied (Corona, 1979). 
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Time series cnnt’<ning 40 years of averaqe monthly continental precipUation departures foi 
turope Asia ana Morth Africa Vertical lines indicate the month of January from monthly 
mean values (Corona, 10791. ^ 
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Fig. 9. Data set of Fig. 7 with eleven-month running-mean filter applied (Corona, 1979). 
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tq t^sl for thU possible b^^^ produced by the 
JntprpoMlion ruutinp the Eurupp.in. Asf.in ^ofl North 
Atfiiio monfhly jkm* i ^er iged piecipit it ioti .inomaHes 
*ere coirputed without the Sti North Afriiin st.stions 
th.it had (leen iijile^j IJur i ruj th»- l‘i4o , ipd ar;> shown in 
1'"' fir'^ult' of these adjusted ' umpotat ions are 
jhiiwn in f i(js 11 to 13. We are still f.iced with i 
de.’ine of precipitation until 1*^47, we are inclined 
V. believe, ther.-fore, th.it 1 climatic fluctuation in 

the .lydrp I icd 1 cycle of the no'thein nemi^phere, at 

le.a t ovri -t. continen'.i’ r.gion'., is le.t ile.)’ in 

the.,. ,nt « 

UI .. ,!et ine (|» ^lre. Ij,' t 1* : jn 1 rnr the r>>li's 

t. **ie i'e!" llvr i.pseivei’ by l.i.tii '1‘)'/.1), whi 

■mment un the th,t s.,t t mi;) l,- y • .poughf. ( i-i f.. 

*i')e-s[iie.ei natoir He ;i'es the e.imple ,f t h. 
l>’.' p-e Ipifat ,,,1- moiv,,.,, wiilel, ln. «. , 

flhe I II d*(,,,.p>' 3e I i.w I'Df Hid I ,,,wi,iu>r . ip ' t i' i 'n 

■b'’ >'n. ’hi* t-v ' ' II K t ei j / . g tni ..lif r I . > tie I ‘ 

iJ * tj'fl ■ M*'<- ; f'»i I »» ^ tI*. K i*. } f /h ‘ 

" ' • : ih/J ind!.; i»i tint t .. ( ■ .• , t I, 

'* • ' • '■ '''•}■) ‘ JMd the - , 

• ; I.J • wel - nil . ! (!' |M . , , , , 

I’ '.n|e I .. I trie .1. le. . f.ptwe..- ; • t'l ,, ;.l> 

1 -I I untri , . 1, . f it 

' ” eai 'e. t j i nii.Hii,. ,.. . ( ... ,..n'e' 
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Fig 12. Data set of Fig. 11 with seyen-month running-mean filter applied (Corona, ld79). 


strong posit iye summer anomalies .ire evident in the 
turo()ean. Asian ind North Afiltan piecipititioh. 
giying way to negative suiriu'r mii.tial le . between 1941 
and 194S. 
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Itii‘. tiffid in ■.ummer pmc ipital inn 'S i>.lliictn l 
in t h*' |if*h.ivi(it 0 * thf Indian mnnsniin a’ dHpictr>d tiv 
Br.’on (I'i/4), (Fig 14), and also in thn ".oulhtiii 
Dm illat'iin" yivHn liy t hn u' * iCf piK,.,uin iru;mali»'> 
at J.ikarta accordimj to H*‘>’a(jn (nhfj). (Fiij IL) 
Fuel I* i‘ a teiidniK. , ti, which pMsitive p*D -sin*' inoma- 
lins .It .J.iiarta toim idr »it'i t)»*lo«-noi m,il lainfill 
yin Id' ot thf Iniji.ar Mimnu-' monsoon. On tnn cthfi 
liand, i(io\if-nnimal rain in thf pipiatiinal di y irpa i.t 
thf I’ll tic is fxpfctfd during hiijh-pifssur*,* .inum.i 1 i f •• 
ovfi Indonfsia, a. c.m pf sf**n trout .i comiiarisor i.t 
‘ iq. lb willi Fig, 16. F t i,ni the latter ,)-.igram it 
tiecomfs evide*'* that only dii'ing the fii.t half of the 
cont incnt.il drought periijd in the nortl.ern hemisphere 
( l«i41- 1'(46) did tt'f Line Island region sho* aPoxe- 
normal pi ec ip 1 1 at inn. The sfcond h.i't ot that period 
witiiijsed tie low-noi ma 1 pi ec ip 1 1 .it ion ,ii a 0 \ei the 
equatorial F’.acific. 

I* the long-term piecipitat ion trends o er the 
continental legions ot tne northein hemisphere (Figs. 
1/. 18, 19) were, indeed, • epresentat ive ot the whole 
hemisphere .ind weie not totally compensated hy oppo- 
site fiends in oceanic precipitation, we will hive to 
look for other evidence in the hydrological cy le that 
might suh -t.int iate nui findings. Fiipire ."'0 siiows 
est imates ot sur*ace temperatures o* both hemisptieres 
aid of the whole ea> th as given by limb (19//; and 
tiased upon woiF by Mitchell (1961) and othn-s. Ac- 
cording to this diai)ram the climatic optimum occurred 
at the beginning ot the precipitation dro(i shown in 
M(). 10. A comparison ' f io. 19 witn Fig. 1 suggest i 
that peaFs in contineu precipitation coincide with 
re^itively warm northern hemispheric temperatures in 
ttie I aye' tietween the surface and lUO ml). We .ire 
tempted to conclude that the interannual ■> ar iabi 1 i ty 
of mean tropospheric t emperatures is positively cor- 
rel ite(i with the storage ot prec ipi f able wat“i in the 
troposphere, and also with the amount ot precipitation 
leleased in synoptic disturbances when averaged over 
suiticiently long time periods and sutficiently laiije 
are IS. 

This admittedly v.igue indication of the moisture 
storage in the almuspheie varying in phase with con- 
tinental precipitation gives us further encouragement 
to assume that variations in oceanic rainfall are not 
compens.it ing those in continental precipitation a- 
mounts. If this hypothesis were indeed true, one 
ought to find i reasonatily strong interannual vari- 
ability in the ev.aporat ion rate from the oceans ot the 
northern hemisphere. Com()utation of these rates is 
presently in progress but is faced with considerable 
difficulties becai.i,.' of inaccurate and inadequate 
data In anticipation ot these computational results, 
let us take a preliminary look at some of the para- 
meters influencing the bulk transfer of moisture from 
the ocean to the atmo^phei'e (see e.q. Hess, 1959; 


8 



» 


— p*00 



O . . . . 1 » i 0 

'*OC 9?0 940 I96.J 


fu| 1-i (V>ii‘nt ilf Mf.tthfr --t It (on-, in niirthwi'--! 

Ind ) tnpoTtux} Ihs*. th.in h.itf ot the no>- 
iti)) r I i n* 1 1 I. «n() (u'puKit'on ,i* Imlii (ilot'-,) 

( A* t t^r 6> y.iin , I')/A . ' 



fit). l‘j. Southern II ,c i I !dt ion. )s imiiLJtnd tiy stir- 
f.irt* piH.Mjr*- .inimMliH-, .it In- 

.loni‘-.i). ( f 1 urn R(‘t' I , I'Jfif) ) 



f ic). 16. 


Line Isl.ind precipitation index for the yi irs 1910 tc 1975. Dots indicate 
line stands tor a /-month running average. (Data from 1976.) 


monthly values, the heavy 


9 


• tr »»■ H M I 


* * * • » 


IF ..• 


'‘^ ""■ '>**' 'f'i ■omtiining Ihf 4(; yi-,r i* ivci igi- '’oiitfi'y nf'! int-nt .( I i > i • i(, i f |t ion ili-|..tt t urn 

itnm monthly m<- m v.tlups tot Nmtti Atror i: in .ing loioiit-, A'.ii ind S.-tn Attii^ t,j iitiii-i 
tt'P avnr.igi. monthly continontll |jrn(. ip i t if ioi. ».,> ttn noith.-f hnmi litinr.. ..'tt Ifll ’ : 
in.li(..ifc fhn mmith o* Jtinii h y (Coi un.i, I'l/'j) 



10 sS 


so 


S',' ■ ' "(O' 

rt (if! 


f tg. 18. Drtta spt of f i ’ 17 wif' -pypn-month nunning-mp<in f’ltpt ipplino (Conond. I')7q). 


■ • • !•* ' ■ I : n. t iMi • . .1 






3 S 'i,u 










‘...'V ■ f' VV-' 

V 1/ \J 


so ■ SS ■ ■ hj 

rE 


fig. 18. Data set of Fig. 17 with eleven-month running-mean filter appliea (Corona, 19781. 
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Fig. 20. Average temperature over the whole earth 
since 187u. (From Lamb, 1977, based upon 
data by Mitchell, 1961, and others.) 
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ir-oriti vn,:n ; 'e-; igitat ioi' maxima line '-.t- to tie 
ca'efii ftil’ -lUch 3 comparison hetwpen Notln t'l-.ifi; 
SSI anoma;ie- -in. No^'t' American pi ec i’ ' tat 'on. how- 
eye', tiecause hot'" could be related l. a pre'eited 
-itmospheric lonq-wavt pattern. Such a p.illerti might 
influence North American precipitation mute than 
vat iations in the evaporation rate from the mid-lati- 
tude Pacific. furthermore, one should not expect to 
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fig 21 Mean meridional SST gradient anomalies ?0®- 
50°N averaged over longitudinal width of 
f^acific (upper curve, solid line, “C), 
thickness gradient 300/850 mh (middle curve, 
dashed-dotted, geopotential meters) and 
height gradients of 850-mb surface (lower 
curve, solid line, geopotential meters) com- 
puted over the same region as SST gradients. 
Each data series was subjected to a 7-month 
running-mean filter. 
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AVCRAGC COMTINENTAl PRECtPtTATtON (mm) 



Hg 22 . Anomdiy of :ii» tf*ni|H‘r dlure dtul s(>a surface temperdture in the southeastern 
Bering Sea durirg 1967-/b. Series 1 is anomaly of air temperature in °f at 
St. Paul Island. Alaska from 1941-70 mean. Series 2 is amimaly of air tem- 
perature in ’’I at King Salmon, Alaska ftom 1941-70 mean. Series ^ is anoma- 
ly of dir temperature in °C at 57°N, 170°W (neat St. Paul Island) from April 
196?-May 197b mean. Data for Series 1 and 2 from National Climatic Centei' 
and data for Series 3 and 4 from Fleet Numerical Weather Central. (After 
Mela in and Favorite, 1976 ) 


MORTM AMERICA 



YEARS 


Fig. 23. Plots of ( ) monthly average continental 
precip , ‘at ion. (h) seasonal mean and (c) b- 
and 7-yeai runtiing means tor forty years of 
winte' ronths in the North American conti- 
nental d"t'3s. Included in (a) is a plot of 
the number of stations pet year used in the 
derivation of the continental averages and a 
correction of the seasonal mean (dashed line 
in c), when 70 Central American stations 
were removed. Also included is the 4u-year 
seasonal mean of the data (horizontal line 
in b). (Corona. 1979 ) 
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AVERAGE continental PBECiP'TAT 0» 


NORTH AMERICA SPRING 


north AMERICA AUTUMN 



YEARS 


f iq. bimitji to F iq. 21 . exCRpt tor sprinq sh-isoi’ 

in North Ampi ir-i. (Coron.i, r.i/9. ) 
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26. Similar to f iq. 21. except for autumn SPison 
in North nmni ica. (Corona, 19/9.) 
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Fig. 25. Similar to Fig. 23, except for summer season 
in North America. (Corona, 1979.) 


Fig. 27. Plots of (a) monthly continental average 
precipitation, (b) seasonal mean and (c) 5- 
and 7-year running means for ^orty years of 
winter months in European, Asian and North 
African continental areas. Also included is 
the 40-year seasor=^l mean of the data (hori- 
zontal line in b). (Corona, 1979.) 
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My. 28. Similar to 1 iq. 27. pxccpt for sprinq .*;a- 
son. (Corona, 19/9. ) 
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riq. 10. Similar to Mq. 2/. except toi autumn i- 
soii. (Corona. 1979. ) 


EUBOPt . ASIA, north AFRICA 




io8r(ci Running means 



TE ARS 

Fiq. 29. Similar to fig. 27, except for summer sea- 
son. Also included is a plot of the number 
of stations per year used in the derivation 
of the continental averages (part a). 
(Corona 1979. ) 


Over lurope, Asia .ind North Africa a cycle of 
approximately 22 years appeat . in the summi-r data and 
one of similar lemith Put of 'mailer amplitude in the 
autumn data (Mi)' 29 and 30). ifinter and ■) ’ inq 

(iiqs 27 and 28) show .a more irTequIar trend he- 

lavioi Ihe decrease ol precipitation (ii'ior to I'Hfj 
is quite pronounced in the .ummer data, a^ mentioned 
earl ier 

tn ‘.ummiry, we an .tite that the oteer’ved vati- 
iliilit, ot continei tal ( i er. ipi tat inn holds out the 
pnssiPility o* I'matic ctiamie in the hydiolotjtral 
cycle, ievolviivi mnisfuifi storaqe in the aiinospheie 
irui ev a|) 0 ial ion from the rice.an. '.ince latent heat 
released in the at mos))I er"' l.i'nd'. to rjaoierate etlily 
ivailable potential energy (it rains more in war-m than 
■'n cold air m.asses). .lim.itii variations 'n the hydro- 
'ogii.rl cycle may have a non-ne()l it)itile inipact on tne 
'leneral ' irculation of the atmosphere 

We have to re.ali/e that the interaction between 
the tryrlr o lorj ica I cyc’e and tire rjener'al (irculation can 
comt- atiou' in mort* than one way, however Helease of 
latent heat ' tr precipitation i fierhaijs the most 
otrvious of such interaction pos ■. ib i 1 i t ies . We have 
merrtiotred the prolrabi 1 i ty of var iable moisture stor'age 
in the atmosphere, affected hy variahte atmospherii 
mean temperatures arrd variable preci|)itat ion. ‘oj,n 
trends iit moisture -torage ar-e expected to influence 
the radiation irudaet of ttie atmosphere, especially in 
the infrared absorpti.rn hands of water .aput , but also 
may affect cloud cover' and albedo. A coiinect ion 
between SSI variations and evaporation may also be 
subject to feedback pr-oces'es as heat losses to the 
atmosphere produce cooling of the oceanic surface 
layers (Camp. 19/fi; tlsberry and Camp, 19/8- Camp and 
Eisherry, 19/8; Elsberry atui fiatwooii, 19/d). Such 
feedback mechanisms make an assessment ot the role of 
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thp hydrological cycle in climatic changes extremely 
oifficult and complex. It should also be mentioned 
that besides evaporation, moisture storage in the 
atmosphere, and precipitation, the zonal and meridi- 
onal water vapor transports undergo significant inter- 
annual variability (Rosen and Salstein, 1979). This 


fact adds an additional dimension of complexity to an 
exploration of the impact of the hydrological cycle on 
climate variation. Ignoring the variability of the 
hydrological cycle, as is conveniently done in much of 
c 1 imatological research, will not make results and 
conclusions more reliable. 


.1. RIGIONAL, SHOR’-TfRM CLIMATE VARIABil !TY AND GEOPHYSICAL FEEUPACK MECHANTSMS 


3.1 Observed Trends in SST Anomalies 


figures 31 and 32 depict the zonal ly averaged S*^T 
distributions in various latitude bands of the P.aci^ic 
and Atlantic Oceans. The Pacific reveals a st»x g 
cooling trend which appears to be contired to middle 
and high latitudes. Superimposed upon this trend arc 
excuf ions of temperature of shorter duration. SST 
trends in the Atlantic are somewhat less pronouttced 
tt.an in the Pacific, especially in midcle latitudes 
(see also F ieiix and btommel, 1976). Shorter-period 
perturbations are of simi ’ar amplitudes in both 
oceans. The subtropical Atlantic seemed to have 
undergone a moderate warming trend which, as of 1974, 
may have spilled over into highet latituiles. 

It is of interest to compare these SST data, 
obtained ( i om the U. S. Navy Fleet Nunierical Weather 
Central in Monterey, California, with a time series ot 
dat.i on Airtic s a-ice extent, published recently by 
wilsh and Johnson (i979). Figure 33 shows unsmoothed 
and smoothed monthly anomalies of sea- ice extent. In 
the etlaiitif. sector the inter.tnnual variability h.is a 
yeai-atouiid effect on the data, whereas in the Rerimj 
jea, influenced tiy I'acifir coi.ditions, the interannual 
virialiility ol ice condition^ makes a contribution 
only te the i;oId-seas(,n aspects of I ig. 13. During 



Fig. 31. Mofithly SST anomalies in the North Pacific 
(”C) averaged over the latitude bands as 
indica'ed. A seven-month running-mean fi'- 
ter has been applied to the monthly anomaly 
data. Dashed-dotted lines indicate the 
least-squat es fit of first , second-, or 
third-order polynomials. 


thp warm season the Bering Sea has been essentially 
ice tree. With this preferential weightint) of Atlan- 
tic contributions to the ice extent variability (Fig. 
14) one would expect a certain mirrot-image match 
between Figs. 3? and .13 Instead, the iciest period 
between 1967-1971 (see also Sanderson, 19/6) follows a 
peak in North Atlantic (and North Pacific) hign- lati- 
tude SST's. The ice minimum in 1974 coincides with 
coldest North Atlantic temporatur ?s, ev«n though the 
pacific at 60-60"N had a short respite in its cooling 
trend. From the short, overlapping data sample which 
we have availatile, it almost appears that a warm North 
Atlantic goes with expanded sea-iie cover, whereas 
be low- normal SSI's coincide with tie low- normal sea- ice 
extent . 

Surface t mpt'rature data in the polar cap north 
of 60^'N hive been compiled from available records, 
including those from ice stations, by Walsh (1977) and 
W'ilsli and Johnson (19/9). Figure 36 shows a smoothed 
time-series ot these data. There is reasonable agree- 
ment between the trends revealed in Figs. 33 and 36. 
The period ot warm polai regions around 1960 agrees 
with a relatively ,mall sei-ice extent. The rapid 
coolini) untit 1966 coincides wit*’ a rapid buildup of 
sea ice, and a .uLreguent warming trend in air temper- 
ature i . loosely matched by a shrinking ice cover. 


kUANTIC 



Fig. 32. Similar to Fig. 31, except tor Atlantic. 

(Data courtesy of Fleet Numerical Weather 
Central, Monterey, CA. ) 
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KAt 'lAA 

Fiq. 33. T^me series of departu-es from monthly means of the area covered by Arctic sea 

ice (10 Fjn'’), unsmi othed values (a) and 24*month running means (b). (From 

Walsh ana Johnson, 1979.) 



ig'l SUM 1-j‘i ,j«vi I'OM IST^ no*. ;o*. »i'« ;.-i 


Fig. 34. Longitudinal dependence of trends of sea 

ice extent (10^ km^ year during the 300- 
month ( >riod shown in Fiq. 33 and obtained 
from the slopes of least-squares lines 
fitted to time series of departures from 
monthly means in each 20° longitude sector. 
(From Walsh and Johnson, 1979.) 
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V * ' » 

Fig. 36. 24-month running means of the departures 
(°C) from the 25-year normal area-weighted 
monthly mean surface air temperatures of 
the polar cap north of 60°N, (From Walsh 
and Johnson, 1979. ) 


It is easy to visualize a positive feedback 
mechanism between polar air temperatures and sea-ice 
extent if we consider ice formation to be mainly a 
consequence of heat loss to the atmosphere. Extended 
sea-ice cover inhibits heat flux from the ocean to the 
atmosphere and also increases the albedo. Both 
factors tend to reduce the energy made available to 
the lower layers of the troposphere. 

Apparently the increase in the comb i ned snow and 
ice extent observed by Kukla (1978) between 1971 and 
1973 is not reflected in the sea-ice conditions only , 
as shown in Fig. 33, nor in the polar temperature 
trend of Fig. 36. We have to entertain some d ubt, 
therefore, as to the power of a feedback mechanism 
between air temperature and snow-plus-ice rover, if it 
e,»ists at all. This lack of an obvious feedback 
should not be surprising because snow cover not only 
depends on continental temperatures but also on the 
availability of moisture. Loth factors being strongly 
influenced by the planetary-wave characteristics of 
the general circulation. As a matter of fact, with 
what has been said in Chapter 2, one might even antic- 
ipate that abnormally cold temperature regimes are 
somewhat deprived of precipitation because of the 
reduced moisture-storage capacity of the atmosphere. 

One might note, that the winter 1977/78 showed 
the largest area of continental snow cover in the 
northern hemisphere, since satellite monitoring became 
feasible (Fig. 36) (Wiesnet and Matson, 1979). 

We are not yet able to explain the disagreement, 
or perhaps the out-of-phase relationship, between 
ocean-ice conditions and high-latitude SST anomalies, 
especially in the Atlantic sector. The significance 
of these SST trends in the northernmost regions of the 
Atlantic and the Pacific and their possible relation 
to ice cover will have to be explored in greater 
detail before pertinent conclusions can be reached. 
As a prelimipa^v attempt for such an exploration we 
present in Fiq. 37 the SST differences between Febru- 
ary, March and April, 1974. a telatively cold period 
according to Fig. 32, and February, March and April, 
1965, which corresponds to a warm period. Both peri- 
ods conform to the season of maximum ice cover (Walsh 
and Johnson, 1979). 

During this nine-year period the Gulf Stream 
south of Newfoundland underwent a warming trend. This 


16 




4T 

•• 


MCAN WINTER SOWCOVCR 
I DCC • MAA I 



•» 4T M M M M-ro »0->T / • F> fi* f's *>% f* M n r* m rt-rf r?-ft 


Fig. 36. ..raph of mean winter snowcover for the northern hemisphere, Eurasia and North 
America fr^m 1966-1978, (From Wiesne*. and Matson, 1979.) 



Fig. 37. Difference in sea-surface temperatures, in °C, over the Atlantic between the 
average of February, March and April, 1974 and February, March and April, 
19CFi. Warming trends from 1965 to 1974 are indicated by shading. 
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trend would aqree well with an increase in the zonal 
wind stress of the North Atlantic trades d'rinq the 
same time period, suggested by fig. 66 (presuming that 
the winds did not slacken significantly after 1972, 
the end of the records presently available to us) 
The Norwegian Sea, and the reg’ 's of the Greenland 
and labrador currents exhibit a ,i. rked cooling trend 
while slight warming is • *rved along the North 
European coast. This SSI .istribution suggests an 
acceleration of the No-th Atlantic crculation in 
middle and high latitudes between 1965 and ’d/A It 
could be that an enhanced southward movement of the 
cold water masses between Greeland and Labrador and 
along the east coast of Greenland brought about nega- 
tive SST trends but, at the same time, ’ed to enhanced 
ice transport and to a more rapid melting of ocean 
ice. 

Our lindirjs reported here are, in certain as- 
pects, consistent with those of Barnett (1978). His 
analyses of surface air temperatures ascribes the 
largest standard deviations of wint. r and annual mean 
temperatuies to the continental reg'ons. Thus, c*" • 
tinental anomalies tend to “swamp'' the hemispheric 
anomalies in a given season or year. Furthermore, an 
eigei vector analysis of his data reveals that contin- 
ental and oceanic anomalies are often out of phase. 

On? of tne largest continental anomalies was 
encountered in North Ame'-ica during the extremely cold 
winter of 1976-77. Leetmaa (1977) "epot ts on a newiy- 
formed well-mixed layer of 18“C water as deep as 550 m 
in the Sargasso Sea, as a consequence of winter cool- 
ing. The thermocline south of the Gulf Stream was 100 
to 150 m deeper in March and April 1977, than is 
normally the case in this region. Gulf Stream water 
transport, therefore, appeared to b'^ stronger-than- 
normal after this extremely cold winter, consistent 
with the anomaly pattern shown in Fig. 37. 

The preliminary data presented here indicate that 
high-latitude air temperatures, sea-'-urface tempera- 
tures and ocean- ice cover apparently do not operate 
together in a positive feedback loop. Even though, at 
this point of our investigation, we are not able to 
provide a reasonable account of these feedback mechan- 
isms -- other than the vague indications given 
above -- the preliminary indication is that a negative 
feedback link exists somewhere between t lese three 
parameters and it operates on a time scale of several 
years. Perhaps it is such a negative link which pre- 
vents. Arctic temperatures and ice cover to engage in 
frequent runaway cycles. For this reason it -ppears 
important to investigate and model in detail the 
feedback processes involved between these three pan- 
meters. (For modelling attempts of feedbacks on 

long-time scales see for instaice budyko, 1969; 
Lindzen and FanoM 1977; Saltzmun, 1978; Moritz, 
1979; Sergin, 1979; Warren and Senneider, 1979.) 

3.2 SST Anomalies in the North Par i f i c 

As we have pointed out in the previous chapter, 
SST anomalies can have an influence on the latent heat 
transfer between ocean and atmosphere, but in doing so 
there will be a feedback effect on the SST anomalies 
themselves (see e.g. Hasselmann, 1977). As an oceanic 
area gives off energy to the atmosphere by evapora- 
tion, the surface layers of the ocean will cool and a 
negative SST anomaly will result, fhe magnitude of 

this cooling effect depends on the efficiency of the 
mixing processes in the ocean and on the depth to 
which this mixing proceeds. Since the stability and 
depth of the mixed layer near the ocean surface ar» 
also functions of season and of geographic location. 


the same amount of heat transferred from the ocean to 
the atmosphere may have different effects on SST's i.. 
different seasons, different locations, and even in 
different years. These potential complications make a 
guai.iitat ive assessment of feedback mechanisms between 
ocean and atmosphere, involving SST anomalies, very 
difficult. 

Nevertheless, preliminary analyses of SST records 
from the North Pacific but also from the Nnith Atlan- 
tic (Daly, 1978) have given us several clues on the 
potential impact of a variety of mechanisms. The heat 
budget of an oceanic volume can bo written as follows 
(Reiter, 1979b, c) 

■^^0 ■ ^IS * *^HA * ■ ^Ev ■ '^liw ■ 

or since 

^ ^IS * ^HA ■ *^01 ■ ^SH ' ^EV ' ^I'W ■ * -^^ST 

16 ) 

is the heat content change of the oceanic volume, 

resulting in a certain mean temperature change during 
the time interval .\t; 

is the sea surface temperature change during At; 

“Qjj expresses the j'fects of thermal stratification 
changes during At; 

Qj^ is the heat gain by direct an 1 indirect solar 
radiation during At, 

is the heat gain (or loss) through horizontal 

advection by longituuinal temperature advection >n the 
direction of the cunent, by meanders in tne cunent 
system, oi by current ^hiM . in a meridional direc- 
tion; 

-QqI^ is the heal loss by outgoing (long-wave) radia- 
tion dll’ ing the time inte-val At; 

is the oceanic heai 'oss fiy sensible heat trans- 
fer to the atmiisuhere. 

is the oceanic neat loss bv evaporation (latent 
heat transfer) to the atmosphere; 

0||y describe', the heat exchange through the bottom of 

the oreanic volume by large-scale upwelling ([kma'’ 
pump ing) . 

-Qq is the diffusive heat loss by small-sca’e metions, 

mainly acting across the bottom-surface of the oceanic 
\ 0 1 ume . 

-Qr^ and depend signit icant'y on atmospheric wind 

speed which, through induceii wave action and turbu- 
lence, also affects mixing processes, hence theimal 
strati f ication, in the oceanic box under consider.t- 
tion. Thus, effects of and -Qp.^ might first be 

recognized in AQ^ and in AQjj if the upper layers of 

the ocean are stably stratified to begin with. As 
time goes on, effects in may start to dominate. 

If the oceanic volume under consideration is neutrally 
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cr unst^Dly stratif ed to bpqin heat losses 

*0[^ surfaces might leave ti.eir major 

impact on Qq. 

Our present dat i so irees have been organised in 
terms of .'.nomalies, 'rijin which seasonal trends have 
been removed. Hence til terms in [gn. (6) might aiso 
be regarded as anomalies from seasonal mean values, 
we will have to al.Ow foi the fa^t. however, that SSi 
anomalies will respond differently to anomalies in the 
forcing teim. on the ' ight jide of fqn. (6), depending 
on the seasonally different state of mean stability in 
the oceanic volume unde>' consideration. thus, in 
spite of the fact that seasonal variability has been 
removed from the anomaly data, a dependence of E<in. 
(6) on season still has to be expected. 

Unfortunately, at this time, most of the terms in 
tqn. (6) are not yet available to us with sufticint 
accuracy to al ow a complete heat budget calculation 
of a', oceanic volume. Nevert ueless , we are in a 
posit on to estimate the effects of some of the term., 
af least ipialitatively, from ouservat ional data. 

a. Radiation Budget Effects 

Evidence for the impact of long-term variations 
in cloodines. on Qj^ and 's presently tieing col- 
lected (see also Bunker and Worthington, lO/h). ihe 
>fudy t >■ Elstierry and Camp (1978) seems to relegate 
‘h's process into the category of minor effect .. 

'here is an indication that incoming solar radia- 
tion decreases during periods of stor iness. 'hus, 
the loss of snlar ladiation would tend to foster the 
frimation of negative SSI anomalies. He it los, bv 
-Qqi >.ould be reduced at the same time, hn«ecer. 

b. Effects of Thermal Stability. 

Changes and anomalies of oceanic thermal strut - 
turn .iQjp should leave a major, seasonally depeiulent . 

im, rint on SSI anomaly formation. One should e«pert a 
neqati"e correlation lietween SST ait.malies and nr 

3 

u. prevailing for relatively stiort lime scales, 
especially with higli winds (Elsberry and Camp, 19/8; 

I 1 sherry and Garwood. rj78; Elsberry anc Ra ey. 1978, 
ee also Price et al., 1978). i is the wind stress 
and u, the friction velocity. "i-ed-1ayer deepening 
could also tie viewed as depending on the wind- induced 
verv'cal (jradients of velocity at ros' the base of ihe 
mixeii lavei (Price et al.. 1978). 

Untortunately, ilata on the thermal st.victure of 
t(ie upper ocean are not leadily available in syiic»vt ic 
format, which makes their application difficult on an 
ocean-witle tiasis. Aiso, the tlata used in our own 
present study have been subjected to a considerable 
amount of space- and time- .mooth.ng, and seasonal 
trend' have been removed. A Judgeme .t on the effec- 
tiveness of in forming SST anomalies will, there- 

fore, be tentative and will have to await further data 
analysis. 

It should be pointed out that Dorman and Saur 
(1978), by analyzing KBT (expendable bathythermooraph) 
data between Honolulu and San Francisco, found no 
correlation between SST anomalies and temperature 
anomalies in the main thermoclin'' at ra. 170 m depth 


throughout the year Summer warming gene'^ates a thin 
mixed layer near the su''face with a seasonal thermo- 
cline petween 60 and 80 m. Correlation coefficients 
0 b of tem(ieratures at depth with SST anomalies seem 
to be restricted to the uppermost 40 m along this 
shipp''g route. 

A gualitativp assessment of stability effects on 
SST anomaly formation h.as tieen conducted in the 'ol- 
lovi'ng wiy. Let us consider tha' oceanic tr. rts 
within the region of the North Patific Drift become 
evident from high values of ..icridional SST gradient-.. 
At Ihe same time tnese fronts deline, ile the northern 
boundary of a wel 1-estahl isheii warm, mixed surtacr 
layer of the ocean with a st ib'e thermocline laver 
unOpineath We shouid expei ‘ , therefore, th.it long- 
lived iiid large-scale SST anomalies would show a 
preference for devploement along, and perhaps somewhat 
to the sout of. iih oceanic fronts. A deviation of 
the fron*a w it ion from its sea‘ 0 ''il mea i position 
would iKo (Jive ri'e to an SST anomaly Ihe seasonai 
preferent e fot the establ i sh.nent of iarge meridional 
temperature giadients in the mid- lat ' ludes o* '■'e 
Central Pacific appeals to fall between May .ind July 
(F’g. 38). This i«asoning is in line with evidence 
pre ented by Flsberi, and Garwood (1978) who sfiowed 
tha' an advance or delay in the tran'it'on date from 
the winter to the summer regime at Weathership Papa 
(50°N, 14b"w) causes positive oi negative SST anoma- 
iie-. that tend to pers’st thi-ouqhout summer (Piij. 39). 

Accoidiiig to Roden (197?, 197b) observat ional 

data indi'.a’n the presence of several ♦ronta! sy tens 
in Liie Nertr Pacific (Fig 4r. and 'ab’e 3) Of great- 
est interest to our investigation is the behavior of 
the sutiarctic temper.it me and .al'nity front somewhat 
noith of 40“N, and of the sutitropical 'ront nei' 30”N. 
Ihe latter reve.ils itself as a -ilinity fnmt all 
year, but as a teir.peratuie front only iluiing the cold 
e. 1 . 011 , In the subarctic front temj.erature and salin- 
ity gradients tend to balance each other in the uppt- 
ino m of he ocean, .sultinij in only small density 
grad'ents. The subtropical 'ront. m the other hand, 
reveals siqniticint horizontal diiisity gradient, in 
the upper 100 m. 


SST 170 W 



Fig. 38. seasonal march of CST (°C) as a .u... lion of 
latitude, at 170°W. 
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Fiq. 39. Upper diaqrant: Observed (circles) and 

model -simulated (solid line) depths at which 
the temperature is 0.2®C lower than the 
surface temperature. Depth of the ocean 
boundary layer (dashed line) simulated by 
the model indicates the transition on day 
number 128 from the wi:aer reqime to the 
summer regime. 

Lower diagram; Relative sea-surface temper- 
ature at 50®N, 140“W, averaged over MarrU 
December as a function of transition dat ■. 
(From flsberry and Garwood, 1978 ) 


To test the involvement of oceanic fronts in 
SST-anomaly generation, meridional SST gradients were 
analyzed foi various geographic longitudes from mean 
month’y SSf data. These data were compiled from daily 
records supplied by the U.S. Navy fleet Numerical 
Weather Central in “fonterey, California. In Fig. 41 
monthly latitudinal differences of SST at 170°W, 
computed over 5°-latitude intervals, are displayed for 
the period 1965-197/. A 7-month running-mean filter 
has been applied to the data. !!cwy lines indicate 
the 0, 2, 4®C, etc., isotherms of .SSSl. Thin lines 
are entered at 0.5®-C intervals. Vertical hatching 
delineates areas with ASST ■ 4°C. The heavier hatch- 
ing lines, at th same time, serve reference marks 
tor individual months. 

In Fiq. 42 the monthly SST-anomaly valuej, fil- 
tered by 7-month smoothing, are analyzed for the same 



Fig. 40 Schematic map of main North Pacific fronts. 

Arrows indicate prevailing current direc- 
tions. A, Kuroshio front; B, Oyashio front; 
C, subarctic 'rent; D, subtropical front; E, 
doldrum front. (From Roden, 1975.) 


geographic longitude. fig. 43 shows the zonal wind 

stress anomalies, computed from lOOO-.mb winds and 
averaged over the longitude sector 150“E-180“W, using 
the equation 

'ox = '-a'^“ • I “ I 

A ■'-month smoothing routine was applied to these 

geostrophic wind stress data. (i =1.2 kg/m^ is the 
2 -3 “ 

air density, y = 2 x iO the drag coefficient, and 
u, in m/sec, the zonal wind f.i/Tyonent. 

A qualitative comparison of these diagrams ’ets 
us arrive at the following conr.lusior.s: 

(i) The subarctic front (Roaen, 1975) appears as 
the dominant feature in Fig. 41 somewhat north of 
40°N. The involvement of the subtropical front near 
30°N in generating meridional SST gradients is con- 
fined to late winter and spring, but varies greatly 
from year to year (White et al., 1978). There is a 
large interannual variability in the magnitude and 
position of the meridional SST gradient within the 
Zo.ie of maximum gradients as delineated by the hatched 
areas of Fiq. 41 Sometimes, as for instance in 
1969/70, the anomalous behavior of the oceanic fronts 
even tends to mask their seasonal variability. An- 
other extended period of "unruly" behavior of the 
seasonal cycle of ASST started towards the end of 1974 
and became very pronounced in 1977, culminating in 
strong SST anomalies. 



TABLE 3. Characteristics of North Pacific fronts, based on horizontal sampling at 30 km intervals. 

All gradients are expressed in terms of the Nyquist sampling interval (from Roden, 1975). 


Chariclertil tci" Xuroihio 

Nortn Pacific fronts 
Oyasdio Subarctic 

Subtropical 

Doldrum 

Tp«i;eratijr» gradfi^nt (*C per 6C km) 

6 

9 

8 

4 

1 

Salinity q-adienl (t per 60 kn) 

0 6 

IS 

l.Z 

o.s 

10 

Sound velocity gradient (i» s'* per 60 km) 

.’4 

.19 

28 

12 

1 

De’isily gradient (kg m’^ per 60 km) 

0 8 

0.2 

0 2 

0 8 

0.7 

BkirocUnic Current (m 5’^) 

0 6 

0 2 

0 4 

O.S 

OS 

Baror I tnic shear (s ^ ) 

?«10'^ 

8«10'^ 

7k lO'* 

n'*’ 

2k 10'^ 


* Max 


2C 



ASST/5 latlTOW 

r 



Fig. 41. Time section of meridional gradients of SST at 170“w (in “C per 5® latitude inter- 
val) as a lunction of latitude. (Original data courtesy of U.S. Fleet Numerical 
Weather Central, Monterey, California.) Thin isolines are for each 0 5®C temper- 
ature difference, heavier isolines for each 2®C difference. Shaded areas indicate 
gradients larger than 4°C/5°latitude. The heavier vertical shading marks consti- 
tute reference marks for monthly anomaly values. Vertical dashed-dotted lines 
labelled with the calendar year indicate the of January of that year. Un- 

smoethed monthly data were used for the analysis. 
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Z lOOOmt West '♦»' 




Ml), -n. Departures ot tie wind stress from the 15-year mean, computed from 1000-mb qeo- 

sirophic winds bi tween 150”[ and 180°W (West Pacific) in units of 10 Kq/m sec . 
A 7-month running-mean filter was applied to the monthly departure data. Hatch- 
inq with monthly reference lines indicates above-normal stress. 
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wheteaj south of 37°N stabilities near 30 m are high 
due to combined effects of a thermocline and a halo- 
^.line. Preceding each of the occurrenceb of negative 
SST anomalies mentioned above a region of abnormally 
strong ASST was found at relatively low latitudes. 
(The hatched areas in Fig. 41 are seen to dip below 
jO°N on these occasions.) This observation helps to 
confirm the earlier statement that a southward dis- 
placement of the oceanic fronts, and a delay in their 
northward migration, can have profound impacts on the 
SST anomaly patterns in the sense of generating large 
and persistent negative anomalies. It is furthermore 
of interest to note, that White et al. (1978) computed 
relatively low intensities of the subtropical front, 
as measured by the zonal relative geostrophic flow 
0/200 dbar, during some of the negative SST-anomaly 
periods mentioned above (Fig. 45). Similar intensity 
variations are reported for the subtropical counter- 
current, the North Eguatorial Current (Wyrtki, 1974) 


and the Kuroshio south of Japan (Nitani, 1972) (Fig. 
46). Several relationships between current fluctua- 
tions and the North Pacific trade winds will be point- 
ed out in section (d) below. 

(.') If we include the wind-stress analyses of 
Fig. 43 in this comparison, we find that episodes of 
anomalous storminess in the West Pacific ( 150°E- 180°W) 
preceded, or coincided with, the odd behavior of the 
oceanic fronts described above and the resultant 
generation of large negative SST anomalie,. Rhoden 
(1970) points out that variations in the convergence 
of the wind-induced Ekman flow might influence the 
positions of the subarctic and jubtropical fronts 
(near 40°N and 30°N, respectively) and of the transi- 
tion zone in between. Ekman-flow convergence is 
strongest near these two fronts. A model, based on 
simple Ekman dynamics, provides reasonable agreement 
between f rontogenetic and frontolytic regions and the 
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Fig. 44 (Continued) 


t imp- van 3nt wind-stress field (Roden and Paskausky, 
1978). Experiments with drifters which lost their 
drogues indicated that Ekman theory might overpredict 
the angle by which the ocean surface currents depart 
from the direction of the wind (45® cum sole , accord- 
ing to theory). Kirwan et a). (157?) find better 
agreement in the response of surface currents to wind 
stress by applying wave-induced Stokes drift in a 
fully developed sea, which is linear with wind speed 

f = 0.0158 (8) 

S o 

where is tne drift vector of the surface layer of 
the ocean and C is the "surface" wind at 19.5 m (see 

d 

also Barnett and Kenyon, 1975). A mixture between an 
EkMan and a Stokes response of the observed drifts to 


the wind field also yielded a reasonable interpreta- 
tion of the data. Witfi such a response the angle 
between the wind and the surface current is only 15° 
cum sole . 

Applying these findings to an estimate of the 
frontogenetic and frontolytic effects of wind stress 
it appears, that simple Ekman theory application might 
yield mi s-estimates of developing SSf anomalies de- 
pending on the orientation of temperature cjradients in 
the ocean relative to those of the surface wind. 

The lag-correlation between SST anomalies and 
geostrophic 1000-mb wind anomalies, using seven-month 
smoothed data, is shown as a function of latitude in 
Figs. 47-49. A tendency is indicated that trends in u 
slightly lead trends in SST. The same holds for 
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Mq. 45. (a) Intensity variations of North Pacific suhttopical front, given as the 

speed of the zonal relative geostrophic flow (0/?00 dbar) in cm/sec (b) 
latitude variations of this front from 1954 to 19/4 at the three longi- 
tudes 135"L, 155°E, 170°t. (From White et al.. 1978.) 
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Mg. 46. Indices of the individual annual strenghts 
of the Subtropical Current, the North Equa- 
torial Current (Wyrtki , 1974) and the 

Kuroshio south of Japan (Nitani, 1972) 
from 1954 to 1969, a time period for which 
all three indices were available. (From 
W^i te et al . , 1978. ) 


lag-correlations between wind stress and SST (Figs. 
50-52). Nelatively high positive correlation coef- 
ficients of significance are found between the time- 
averaged zonal wind stress and the meridional gradi- 
ents, ASST (Figs. 53-55) in the central North Pacific 
(170°W) in the realm of the subtropical front, and in 
the West Pacific (170°E) in the vicinity of the sub- 
arctic front. In the East Pacific (170°W) excessive 
wi’J .tress may have a frontolytic effect, indicated 
by a negative correlation efficient in the region of 
the subarctic front. It should be stressed again, 
that high-frequency noise has been largely eliminated 
from these diagrams by application of a 7-morth 
smoothing routine. Seasonal cycles have also been 
removed by considering monthly departure values, so 
have been linear trends. Because of these data man- 
ipulations we have to be cautious in the interpreta- 
tion of some of the details of the correlation pat- 
terns shown in these diagrams. 


We are, nevertheless, brougt't to the conclusion 
that one of the must powerful mechanisms in producing 
long- las ting SSI anomalies lies in the anomalous 
behavior of the oceanic fronts that mark the North 
Pacific Drift. Local heat losses to the atmosphere in 
the middle latitudes of the North Pacific, most like- 
ly, play only a role secondary to that mechanism. 
Vertical mixing processes, stirred up by excessive 
wind stresses, are also controlled, to a large extent, 
by the position of such oceanic front'. 

Since the development of SST anomalies will, to a 
large extent, be controlled by this frontal behavior, 
processes of a scale much larger than Just local 
air-sea interaction should be considered in tracking 
the history of SST anomalies. Waves and eddies propa- 
gating in the region of such frontal zones may provide 
a certain impact to seemingly advective features of 
SST anomalies. They also may provide a relatively 
long memory mechanism for SST behavior which allows 
such SST anomalies to feed their influence back into 
the atmospheric general circulation. 

The changes in magnitudes and positions of zones 
with large ASST, evident from fig 44, suggest a 
rather strong variability in the drift velocities 
associated with the North Pacific Drift (see also 
White, 1975, 1977). as well as a variability in the 
position of its main channels (White et al., 1978). 

Clearly a lot more research and better data are 
required before some of the mechanisms of SST anomaly 
formation implied above can be confirmed anu quanti- 
fied i- a comprehensive mathematical model. 

c. Heat Flux to the Atmosphere. 

We still ? e in the process of eviluating short- 
period heat f'.x fluctuations over the North Pacific 
in order to assess the impact of SST anomalies on the 
energy exchange between ocean and atmosphere We 
believe that the time scale of resolution of the 
analysis will influence the results to a certain 
extent. This tentative conclusion can be demonstrated 
in the following way: Figure 56 shows semiannual SST 
anomalies in Marsden square 163, quadrant 1 (40-45“N, 
170-175°E) as departures from 20-year means. Data 
were taken from Favorite and McLain (1973). Also 
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SST 170E, u lOOOmt v'/est Pacific 


SST 170W u lOOOmb East Pacific 



SST leads. lags u 



SST leads, lags u 


fig. 47. Lag correlations, as a function of latitude, 
between /-month smoothed data sets of SST 
anomalies at l/O^f and the 1000-mb g:o- 
strophic wind averaged over the longitude 
sector 150°E to 180°W (West Pacific). 
Thin lines indicate positive correlation 
coefficients analyzed at intervals of 0.1, 
heavier lines are negative coefficients with 
the same analysis interval. Zero correla- 
tions art shown by an extra-heavy line. 
Time lags are given in months along the 
abscissa. 


Fig. 48. Similar Fig. ^ except SST anomalies at 
170°W CO -elated with the geostrophic 1000- 
mb wind between 180°W and 140°W (East 
Pacific). 


SST 150W. ulOOOmL East Pacific 
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SST leads, lags u 


Fig. 49. Similar to Fig. 47, except SST anomalies at 
150°W correlated with the geostrophic 1000- 
mb wind between 180°W and 140°W (East 
Paci f ic). 


SST 170 E, Z TOGO mb West Pacific 
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SST leads, lags Z 


Fig. 50. Lag correlations, as a function of latitude, 
between 7-month smoothed data sets of SST 
anomalies at 170°E and the wind stress, com- 
puted from 1000-mb geostrophic winds, aver- 
aged over the longitude sector 150°E to 
180°W (West Pacific). Thin lines indicate 
positive correlation coefficients, analyzed 
at intervals of 0.1, heavier lines are neg- 
ative coefficients with the samu analysis 
interval. 7ero correlations are shown by 
an extra-heavy line. Time lags are given 
in months along the abscissa. 
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SST 150 W Z lOOOmb East Pacific 



-30 -20 -I'o 6 10 20 30 months 

SST leads, lags Z 

fig. 51. Similar to Fig. 60, except SST anomalies at 
IZO^W correlated 5e w id stress be- 
tween 180°w and K .st Ps ific). 


SST 170W, C 1000 mb East Pacific 



SST leads, lags Z 


Fig. 52. Similar to Fig. 50, except SSF anomalies 
at 150°W correlated with tht wind stress 
between 180°W and 140'’W (East Pacific). 


ASST l70E.r West Pacific 
N : 



ASST leads, lags Z 

Fig. 53, Lag correlations, as a function of latitude, 
between 7-month smoothed data sets of me»'id- 
ional SST differences (computed over 5° 
latitude intervals) at 170°E and the wind 
stress, computed from 1000-mb geostrophic 
winds, averaged over the longitude sector 
150°E to 180°W (West Pacific). Thin lines 
indicate positive correlation coefficients, 
analyzed at intervals of 0.1, heavier lines 
are negative coefficients with the same 
analysis interval. Zero correlations are 
shown by an extra-heavy line. Time lags 
are given in months along the abscissa. 


ASST 170W Z East Pacific 



ASST leads. lags Z 

Fig. 54. Similar to Fig. 63, except SST differences 
at 170°W correlated with wind stress be- 
tween 180°W and 140°W (East Pacific). 
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ASST 150W.2: East Pacific 
N 



A SST leads, lags f 


Mg. bb. Similar to Fig. S3, except SST differences 
at 150°W correlated with wind stress be- 
tween 180°W and 140°W (East Pacific), 



Fig. 56: SST anomalies (°C. solid line) as departures from 20-ycar means for warm and told 

seasons in Marsden Square 163, Quadrant 1 (40°N-45°N, 170°L-175°E ) , and semi-annual 

-? - 1 

total anomalies of the total energy flux between ocean an(i atmosphere (cal cm d ). 
(Data from favorite and McLain, 1573.) 


given in this diagram are the semiannual anomalies of 
total energy exchange between ocean and atmosphere (in 

cal cm ^ d ^). The mean energy exchange from October 

to March was -213 cal cm ^ d ^ for the period 1948-67, 
-2 - 1 

and 73 cal cm d from April to September. These 
energy exchange values include the effects of incom- 
ing, back and reflected radiation, evaporation and 
sensible heat transfer at the ocean surface. There 
appears to be no obvious connection between SST anom- 
alies and mean energy exchange between ocean and 
atmosphere on time scales of half a year. This con- 
clusion should not be surprising, since Hnsby and 
Seckel (1975), analyzing Weather Station V data in the 
main heat-loss region of the North Pacific, note that 
the major heat loss occur*- by evaporation which, in 
turn, is mainly controlled by anomalous dif'erences in 


the saturation vapor pressure at the sea surfue and 
the vapor pressure of air, and by anom,ilous wind 
speeds. 

fet on the other hand, we have to agree with 
Namias (1978), Barnett and Preisenuorter (1978), and 
other's who have identified SST anomaiies in, or neat, 
the North Pacific region mentiont.d above as having a 
major impact on weather phenomena "downstream", i.e. 
over the United States, 'we envision such an impact to 
come through a certain effect of air-sea interaction 
on long planetary waves in the atmosphere. 

In this context it is of interest to note that 
Seigel (1977) found largest amplitudes of a 24- and a 
7-day cycle in sensible and latent heat fluxes from 
the ocean to the atmosphere in the vicinity of pro- 
nounced SST anomalies. McGuirk and Reiter (1976) 
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ascribed a vacillation in available potential energy 
of the atmosphere vxith a guasi-periodicity of 22 to 26 
days or 0.038 to O.O-lb cycles per day (see Fig. 57) to 
be a conseguencp of baroclinic energy transformations. 
This vacillation appears in the amplitudes, and some- 
times also in the phase angles (i.e. positions) of 

planetary waves (Figs. 58 and 59). It is conceivable 
that the vacillatory behavioi of planetary long waves 
ai.j that of heat transfer between ocean and atmosphere 
on time scales of a few weeks are interrelatei) -- 

contrary to what Fig. 56 indicated for the loftger time 
scales of half a year. 

Mo»-e research is reguired to understand the 

effects of h(at fliues between ocean and atmosphere on 
the dynamic coupling between the two systems as a 
function of time and space scales. 

d. Advection Effects by Longitudinal Cu -rent 
Transport Variations. 

Even though a la?'ge numt)er of systematic measure- 
ments of curient velocities in various branches of the 
kuro't.io are available (Stommel and Yoshida, 1972), 

they are difticult to relate to mass transport and SSI 
anomalies because of the changes in meander configura- 
tions. The life span of some of these meanders is 3 
to 10 years ('hoji, 1972) hence could have a signifi- 
cant impact on regional SSI anomalies. Especially the 
oceanic surface currents in Areas 2 and 1 (fig. 60) 
appear to n.eander in some years and not in others. 
Current velocities for these regions are shown 'n fig. 
61. Trends in the volume transport of the Kurnshio 
southeast of Yakushima Island and south of Kii 
Peninsula reported by Nitant (1972) for the period 
1956 and 1968 agree reasonably well with trends in the 
current velocities of Area 2. Water transport and 
current speed appear to have reached a minimum in 
1962, with maxima before and after. Ihe u-component 
in the eguatorial Pacific (Fig, 62) reveals similar 
long-term trends, suggesting a crrtain forcing of the 
Kuroshio flow on relatively long time scales by wind 
stresses in the trade-wind region (wind data, courtesy 
of Dr. G. Meyers, University of Hawaii). Unfortunate- 
ly, we .ire not yet in a position to guantify this 
possible forcing connection between tr<ide wind fluctu- 
ations and changes in the Kuroshio current system, 
mainly because we don't know what the characteristic 
time aiid space scales of such a postulated response 
would be and because of the dubious quality of data. 

The possible relations between SSf anomalies and 
current behavior in the North Pacific are also, at 
this time, ilifficult to document with data. In Fig 
63 we show SST anomalies in Areas C and D after a 
7-month running-mein filter had been appliec. These 
temperature anomalies are compared with curren* veloc- 
ities measured in Areas 1 and 2. A gradual rising 
ti-nti of SST in Area D is noted between 1962 am' 1967, 
followed by a declining trend until about 1970, and a 
rising trend thereafter. These smoothed trends, 
however, are frequently interrupted by large positive 
and negative excursions of a duration of approx imatt ly 
6 months to 2 years. The smoothed trends of SST 
anomalies in Area 0 are, to a certain extent, re- 
flected by the speed trends in Area 2, high current 
velocities having a tendency to occur with warm- water 
regimes. A similar agreement is found between SST 
anomalies in Area C and current trends in Area 1. The 
shorter-term SST variations, however, are not reflect- 
ed in the current speeds. We believe that these SST 
anomalies might be associated with the meandering 
characteristics of the Kuroshio (Wilson and Dugan, 
1978; Reiter, 1978a). 


The temperature differences between Areas D and C 
might serve as a crude indicator of geostrophic flow 
variations in the upper ocean in that region. In Fig. 
64 they are compared with the trade-wind u-component 
anomalies in the North Pacific. Again an agreement in 
the long-term variability, but not in the short-term 
modulations can be pointid out in these data sets, 
favorite and McLain (1973) have pointed out a guasi- 
periodicity of 5 to 6 years in SST anomalies observed 
in the region 40-45®N and 170-175“E (Fig. 56) which 
led them to the conclusion that large SST anomalies 
are advected around the suotropical North Pacific gyre 
which shows a similar revolution period. 

Tentatively, we might offer fig. 65 as a display 
of feedback mechanisms working in the North Pacific. 
The "loop* which involves the Hadley cell intensity. 


002 h 



qL i i c- . j 




Fig. 57. Periodograms of normalized variance per unit 
bandwidth for 9.5-year series of daily atmo- 
spheric energy by mode. High-frequency 
spectra not shown. Dashed lines show 90, 
95, 96, 99 and 99.9iS chi-squared confidence 
limits for assumed background spectra 
(McGuirk and Reiter, 1976). 
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Fiq. 58. 


Fourier-analyzed 500-mb synoptic patterns for three successive 

and maxima (right), wavenumber two. Units in geopotential meter 
variations are typical (McGuirk and Reiter, 1976). 


minima (left) 
The amplitude 
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Fig. 59. -ourier-analyzed 500-mb synoptic patterns for three successive minima (left) 

in geopotential meters. The amoli- 


ffavcMumucf tnree. units in geopo 
tude variations are typical (McGuirk and Reiter, 1976). 
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Fig. 60. 


Location map of oceanic areas used for 
averaging purposes. 




Fig. 61. Current velocities in knots, averaged over Areas 1 and 2 )n Fig. 60. Values for 

missing months were obtained by linear interpola„ion. A seven-month ruPnii.g-mean 
smoothing filter wos applied to the monthly velocity values. (Reiter, 19/9b; original 
data courtesy of the National Oceanographic Data Center, Washington. D C. ) 


Pacific, u - Component 



Fig. 62. Monthly departure: of tt » surface trade-wind u-components (m/sec) from the "long-term" 
monthly means (a) i.i the North Pacific "box" 5®N-19°N, 12b°E-95°W, upper curve (land 
masses excluded) and (b) the u-component anomalies of the South Pacific trades in the 
"box" 1°S-15°S, 125°E-75°W, lower curve, seven-month running averaging applied to data 
Positive values indicate stronger-than-normal east wind. Vertical lines indicate 
January of each respect). c year. Heavy solid lines are least-squares fitted third- 
order polynomial curves (Reiter, 1979b). 
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fig. 63. SST fl'iom<ilies In Areas C and D in “C 
(thin dashed-dotted and solid lines, 
areas »e identified in ^iq. 60), and 
^ current speeds in Areas 1 and 7 In 

Knots (heavy dashed-dotted and solid 
• lines). All data sets were subjected 

„ to a 7-flionth, runninq-mean smoothinq 

^ routine (Reiter, 1979b). 


m /sec. u-Component . N - Pacific Trades 



fig. 64. Anomalies in the u-component in m/sec of the North Pacific trade *(inds, averaged over the 
region b“-19°N, 125°t-9b'’w (thin line) and 'ST anomaly differences between Areas D and C 
(“C; heavy line). Both data sets have been subiected to a 7-month running-mean filter 
(Reiter, 1979b) 


the water transport in the Kuroshio and SST inomalies 
m mid- lat itudes has a time scale of 20-15 months, 
thus could lead to quasi-periodicit i* ; in SSl-anomaly 
formation of 4 to 6 year*. Ml other loops involve 

local protesse*. and have shorter time sc.iles. The 
teef^bac^ loops with asterisks will be described more 
closely tn f ig. 70. 

Over ine Allaritic there *j1so e»ist long-term 
trends in the trade-wind u-component s which are of 
similar magnitude as ttiose over the Pacific (Fig. 66; 
data coui tesy of S. Hastenrath, University of Wis- 
consin). A trend of increasing trade-wind intensity 

IS noticeable in both hemispheres after 1968. The 

temperatur-e differences between Areas 1 and 2 (see 
Fig. 67) also have seen a rather sharp increase since 
the middle ]960‘s suggesting an increase in qeostroph- 
ic transport in the current east of Newfoundland (fig. 
68). It would be premature to relate these two “vents 


in a cause-effect relationship, however, especially 
sine? individual peaks in the two sets of curves fe 
ill f f icult to match. 

a. j Trade wind junjes. Pr ecipi ta tion Anomal ie*- and 
El N ino Events 

In an earlier paper (Reiter, 1978b) it was noted 
that an excellent correlation exists between precipi- 
tation in the so-called equatorial Pacific dry region 
and the convergent' between the North and South 
Pacific trade-wind systems as measured by (-v^^ ♦ 

v^ H These v-components had bei averaged over 

th? trade-wind "boxes" 5“-19"N and 1“-15“S and over 
the full longitudinal width of the Pacific. Represen- 
tative precipitation data had been obtained for the 
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|ipi it p- ' it i t iji)p SST .inoir.i) ics in t hp North 
A.tPiist-. connect to fppdDKk 
loop'. '.howi ill f uj, /O (Rpiter, lO/yp), 
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fig (il : Idcnt i t ic.U ion o' ue.t in t ho Atlantic 

uspil tor ■■■il-anoma ly computation- 



riq. bfi. Diffe''ence in SST anomdlics botween Area 1 and Area 2 (see Fig 6/) in °C. Iht* 

thin line represents monthly difference inomalies, the heavy line shows a 7-month 
running-mean filter application 


Line Islands (Meisner, 1976). Results of thi- compar- 
ison are shown in Fig 69. we postulated at that time 
the e«istence of a feei1bacl> mechanism between the 
moisture convergence caused by the Liade-wind con- 
vergence, the release of latent heat in the region of 
the Intertropical Convergence Zone (IFCZ) and the 
strength of the Hadley cell (Fig. 70) (see also Ming 
and Lau, 1979). A warming of the tropical tropo- 
sphere. indeed, takes place during the major precipi- 
tation surges (Newell and Weare, 1976a). 

Julian and Chervin (1978), from experiments with 
the NCAR General Circulation Model, showed that such 
an intensification of the Hadley cell, indeed, might 
take place with, precipitation surges and might reveal 
Itself in an intensification of the subtropical jet 
stream. Model experiments by Rowntree (1976) in the 
Atlantic sector favor a similar conclusion. 

Reiter (1978b) also indicated that surges in the 
trade-wind convergence and precipitation over the 
equatorial Pacific tend to culminate with an "El Nino" 
event. Such events are characterized by the appear- 
ance of relatively warm water off the coast of Peru 
where normally cold upwelling water is found. In Fig. 
70 we have presumed that a slight reduction of evapor- 
ation with the appearance of cold upwelling water in 
equatorial regions might be the first trigger that 


brings about the culmination of a surge in trade-wind 
convergence. A rapid decrease in *he trade wind 
intensity would then set in motion the processes which 
have been modelled by McCreary (1976) and Hulburt et 
al. ( 1976) and which (jive rise to LI Nine events as 
described by Wyrtki (1975) and wyrtki et al. (1976). 

Ramage (1977) criticizes the notion by Ichiye and 
Petersen (1961) and Bjerknes (1966, 1969) that posi- 
tive SSI anomalies coincide with above-normal rain- 
fall. using data from Canton Island we should not be 
surprised to find, off an' on, poor matches on a 
relatively shor't-term basis between these two para- 
meters in a given locality because, after all, the 
moisture contained in precipitation may have traveled 
over great distances before it is r-emoved from the 
atmospliere within a precipitation system. Figure 71 
shows the SSI near Christmas Island, one of the Line 
Islands (Seckel and Vong. 1977). Curve B in this 
diagram reveals the long-ter-m variation, using the 
harmonics n = 1 to 19. The major peaks in this curve 
agree excellently with the positive precipitation 
anomalies showr' in Fig, 69. Model calculations by 
wells (1979) also suggest that over longer time 
periods (80 days in the case of his calculations) 
positive tropica) SST anomalies are correlated with 
enhanced precipitation 
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line), ,inil prnc ipi t.it iot\ index fo> line l-.lands (ttn'n line). This inde» is ohtjined 

hy .issitjnimj the 100 to the largest positive monthly .inomnly at the stalioti, 

and the value C to ttie latnjest negative anomaly. It)e rem.iindec of the anom.il ies are 
distr ituited protiort ional ly hetween 0 and 100. This procinture gives egual weight to 
dry .iod wet stations and to d*'y and wet seasons, 'levtoi-month smoothing was applitnl 
to tioth curves. The lieavy smooth lines represent a least-scjuares . thii'd-ord<M pnly- 
nom i a I tit. 



I ig 70. Schematic diaejram of feedback mechanisms 
involving oceanic and .itmospheric anomalies 
in the Pacific region. Positive feedbacks 
are indicated by solid lines with arrows 
between "boxes", negative feedbacks by 
(lotted lines and "N.f" 


J. Middleton (work to be published) analyzed SSI 
trends at the San Diego pier and also in the region of 
'he cold California current. Results of the latter 
analyses, after application of a low-pass filter with 
a cut-oif freguency of C.06b/month, are shown in Fig. 
72. For comparison, the Line Island precipitation 
lata are also shown in this diagram. Fven though the 
ma'ch between the SST and pre." ipitation curves is not 
perfect, a (.ettain trend resemblance cannot be denied, 
'■fo'.t precipitation peaks at the Line Islands are 
preceded sligfitly by a peak in SSI's in the entrance 


region of the Nirtfi Pacific traite winds, i.e. in i 
region wt)»>re most of the moi'.ture .iptake occurs. 
Detailed ss! -.rnomaly .. alyses by Dorman ,ind S.nir 
{1D78; ser* al-o Saur-, 1578, Saor («t il.. I‘i75) along 
tnr- ship()ini( route Honolulu-'' an (r.itrci.co ()ive a 
,'Tiilar inrlicrtion. Numerical mode' ex(aM iments try 
Wells ,uid Puri (l‘f/5) suggc'-t th.'t irict c.ise-. ot S'.il in 
thr- southern hemispht're as t .U' sootti .1- .5P-4(i"s c.\n 
enti.uic.o the er|uat orw.n al moistur.- tiatisport. Allrr-ettit 
et al. (1575) find ftaini their iiiodel c.) I r u I at ’ on . t'lat 
ttie W.lter v.gior mi«ini| r-.)t lO in the t r .i(lr--winil sub- 
clou'l l.iyer is positively correlated wittr, .uid rpiite 
stoisitive too, .irurnia ! i e j .(Oil .urtue wi ml- speed 

•uiomalies, thus ( orfotuo .it iiu) the treritiick mr'Cti.inisnis 
postulatmt in I i(|. 70. 

At this point ot our invent ig.rf inn it would tie 
ditricult to dt'cide i* the SSI dectea e iia.t tMcIi (le.rk 
in liij. 72 is ( aused by incre.rsed tunt loss to the 
atmost)h(*re, fiy intensified u(iw»*lling. or tiy ttie otil it- 
eration of an FI-Nino-type event. wt' rrr* pri*sently 
in the process of calculating ttie evatror.it ion rcite in 
the region ot the Calitonii.i cin'ranit from t tu somewh.it 
deficient data on hand, to see it trends in ttiis r.ite, 
which also deiiend on .itmosptrer ic moisture and wind 
Stieeif trends, provide a better m.itch to eguatorial 
precipitation fluctuations than se.i-surface tempera- 
tur-es alone. 

we have pointeif out in an earlier putrlication 
(Reiter, 1979a) that surajes in the Pacific trade-wind 
coi.vergence and in Line Island precipitation are also 
reflected in positive pressur-e anomalies over- .lakarta. 
These anomalies provide a convenient index to the 
state of the "southern oscillation" (Walker, 1924; 
Berlaqe, 1966). Figure 16 shows a time series of 
surface pressure anomalies at Jakarta. Since in the 
southern oscillation the South Pacific pressure anoma- 
lies are out of phase with those in the South Atlantic 
and Indian Oceans (for which Jakarta is a representa- 
tive indicator), it is not surprising that Covey and 
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*4 V. WJ ft. ft4 6ft f'H ft/ 

f iq. /?. Filtered time series (cut-oft period ch. 

lb months) of the trade wind convertjence 
^*''n H * '^S H m/sec in the West 

Pacific (b°N-l'9“N, I°S-lb°S; west of lhO"W), 
the full Pacific (same latitude bands), and 
the East Pacific (same latitude bands, cast 
of 160“W); filtered series of the Line Is- 
land Precipitation Itidex expressed as rang- 
ing from -bO (dry) to +b0 (wet), and ot SSI 
anomalies (°C) at various grid points as 
indicated. Years are plotted along the 
abscissa. (Filter design and computations 
by J. Middleton. ) 


itvtenrath (l‘l/8) timt positive pressiii'e .inomalies lor 
March/April in the ecpi.itor i .i 1 .ind subtropical Atl.intir 
during fl Nino ye.irs, ne().iti>'e , inomalies duriiU) 
countet-ll Nino years. 

Ih.it the southein oscillation .ind it', inhe’enl 
'W. liter c i rculat ion" depend on the release ot latent 
iie.it .ind -eem to be tied to '’''T inomalie.. in low 
l.ititudes h.is tie.n demoiist r.il ed by sevi il author., 
(eg Come jo-li.r I’ i do .ind Stone, l‘J/7; M. Williams ind 
tient , 19/8; Mini) ind tau. 1'*/'*) 

)..) Jiie At I.iiitk Qiiis i-R ienni.ij^ Osci 1 l^Umn 

In a previous pubiic.it ion (Reiter. I'j/'l.i) it «.is 
shown that the convergence t/etween the North and South 
Atl.intic ti.ide-wind systems, as measured by (-vj,^ ♦ 

v^ ^ )/;’, undergoes i r.itliei reijul.ir guas i-biennial 

uscill.it ion (QBO) that seems to tie correlated with the 
str.itospheric QRO as evident from the Canton Island or 
B.iltioa winds. The v-com()onents of the two tride-w'nd 
systems, v^j and , were avei-ftged in these 

computations over the longitudinal width ot the At- 
lantic between b“N and 19‘’N, and between 1°S and Ib'S, 
respectively. Ihese earlier results are repeated in 
Mg. /3 in terms of anomalies from long-term monthly 
means, with a seven-month running-mean filter applied 
to the anomaly data of (-v^ ^ * ''S H 

Several additional factors have emerged recently 
from our analysis work which help to shed some lii^ht 
on this yet unexplained QBO in the Atlantic trade-wind 
convergence. 
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I ig. 71. Monthly ilnprtrlures of thp ronvnrqpnce hetv*e**n thp vcomponenls (knots, heavy 
solid line, heavy slanting numbers on left side of diagram) of surface trade* 
winds in the All antic sector and stratospheric winds (knots) at Balboa, Canal 
/one ('j()*mtj level, thin dashed line, scale on left side of diagram, data from 
Brier, l‘f/8) and at Canton Island (30*mb level, thin so'id line, scale or right 
side of diagram; data from tbdon, iy7b). Positive values o* stratospheric winds 
indicate westerlies, negative values easterlies. 


As has tieen shown uy Keiter (l‘J7‘)a) in a display 
of the gjpropriate time series, the contribution of 
Vfj toward, the ot.'served QBO in the trade-wind 

convergence over the Atlantic sector appeal's to be 
somewt) (t more significant than the contribution by 
v^ ^ (Mg. 74). In fig. 7b the non-noma 1 i .’eci spectra 

of V, n . ^ , and (-Vj,j * ''b H shown, re- 

vealing theit lelative contributions to a QBO in the 
trade-wiri. I systems. 

figure 7B displays the non-normal i/ed spectrum of 
the trade-wind convergence ovei the Pacific. Ihe 
Pacific spectrum does not have a significant peak at 
treguencies characteristic rf a QBO. Neither do the 
spectra tor trade-wind convergences when computed 
separately for Last and West Pacit’c (Fig. 77). Tfiese 
computat ional results prompted us to the speculation 
that the Atlantic trade-wind convergence, perhaps 
through a yet to be specified ocean-atmosphere feed- 
back mechanism, has a characteristic eiqenf reguency 
corresponding to a period of approximately /h months, 
whereas the Pacifii -- most likely ilue to its differ- 
ent si/e and time scales of its current systems -- 
does not share this frequency domain in a siijnificant 
way. One is tempted to conclude that the st r-atospher- 
ic QBO, evident from the r-eversal of equatorial winds, 
is mainly tied to tropospheric flow behavior- over' the 
Atlantic sector, but not over the Pacific. 

lo te.t this hypothesis -I Middleton, in yet 
unpublished work, subjected both, the Balt'oa strato- 
spheric wind ilata and ttie AtMntic trade-wind con- 
vergence data, to a low-pass ^ilter with a cut-off 

frequency at 0.06b montfis ^ (corresponding to a period 
of lb months). 

The two filter-ed time series are shown in Fig. 
78. There is an indication from this diagram that the 
QBO in the Atlantic trade-wind convergence and tha 
stratospheric QBO might be correlated, especially 
prior to 1964. After that year drastic phase changes 
occurred mainly in the stratospheric QBO. 

To investigate the possible connection between 
the tropospheric and the stratospheric QBO more close- 
ly we examined their seasonal behavior. Taking the 
low-pass filtered time series of (-Vj.^ ^ * ''S H 


tor ttie Atlaii'ic trade-wind regions (Table 4), one catr 
define the monthly mean amplitude o* ’he Q'JO as fol- 
lows; For each month the interannual differences o* 
ffiese values are assigned positive values if they 
follow a "see-saw" pattern (e g. Ja'iuary 19b3 has a 
relatively low value, January 19b4 a higher one, 
January 19bb a lower one again, etc. ). A negative 
value is given to such differences if they fall out of 
step with a quasi-biennial oscillation. A phase shift 
of the QBO by one year was assumed between 1966 and 
1970, depending on the season. The pattern of these 
interannual differences is shown in Fig. 79. The 
mean-monthly interannual differences thus defined are 
taken to represent the mean amplitude of the QBO in 
the trade-wind convergence. Results are presented in 
Fig. 80. which also contains the monthly standard 
deviations of these difference values. 

From this diagram it becomes obvious that the QBO 
in the tiade-wind convergence is strongest and most 
consistent between March and July. It is weakest 
between October and January when the oscillation 
t'equently falls out of step. 

Ihe foregoing analyses can be compared with the 
results of a recent study by Brier (1978). According 
to his Fig. 4, reproduced here as Fig. 81 most of the 
transitions from easterlies to westerlies at the bO-mb 
level over Balboa occur between April and July. 
Reverse transitions, from westerlies to easterlies, 
reveal a preference for the period January-August. 
Figure 82. taken from Brier (1978), shows the QBO of 
the seasonal ly-averaged Balboa winds at bO mb. Ac- 
cording to this diagram a three-year persistence of 
summer (N-season) westerlies occurred between 19b7 and 
19b9. Figure 79 indicates that the QBO of the At- 
lantic trade winds during summer and autumn fell out 
of step thrice in a row between 19b6 and 19b8. A 
phase shift of the stt atospheric QBO in the N-season 
occurred in 1962 (Fig. 82); in the autumn trade-wind 
QBO a shift was observed in 1961. The N-season 
stratospheric QBO decisively fell out of step in 1967 
(Fig. 82). We note from Fig. 79 that the trade-wind 
QBO changed phase during summer and fall of 1966. 
This phase shift continued into spring and summer of 
1967. 

Focussing our attention to the S-season in Fig. 
82 we find that the phase-shift in the winter of 
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Fig. 74. Monthly anomalies of meridional component of Atlantic trade-winds (m/sec) averaged over the 
regions b°N-19°N, 89°W-10°W (v^ ^ ) and 1°S-15°S, 40°W-13°1 (v^ ), land areas excluded. 

The lower set of curves gives the anomalies of convergence (positive values) and divergence 
(negative values), computed as (-Vj^ ^ ’ ''s H lines represent monthly departure 

values, heavy lines indicate /-month smoothing. 
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ig. 75. 6-point smoothed power spectra (non-normal i zed) of monthly anomalies of the Atlantic trade- 
wind v-components averaged over the regions 5°N-19°N, 89°W-10°W (N.H.) and 1°S-15°S, 40°W- 
13°E (S.H.), land areas excluded. The third diagram shows the spectrum of the convergence 
between the northern and southern hemisphere trade-wind components. The spectra have been 
obtained by Fast Fourier Transformation after cosine-tapering of ten percent of the data 
points at each end of the time series. The smooth curves represent the "red-noise" null 
hypothesis (center curve) and the 90 and 95 percent confidence limits on either side. The 
resolution bandwidth for five-point smoothing is given graphically by the length of a heavy 
dash in each diagram. 
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fig. fb (Continued) 



f iq. 76. 6-point smoothed power spectrum (non-normol- 
i?od) of monthly anomnlies of the Pacific 
trade-wind convergence, (-Vj^ ^ * ''S H 

computed from monthly wind values for the 
latitude bands 6°N-19°N and 1°S-16°S, aver- 
aged over the full longitudinal width of the 
Pacific, land masses excluded. The spec- 
trum has been obtained by 'ast Fourier 
Transformation after cosine-tapering of ten 
percent of the data points at each end of 
the time series. The smooth curves repie- 
sent the "red-noise" null hypothesis (center 
:ui’ve) and the 90 and 95 percent confidence 
1 imits on either side. 
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Mg. //. Similrir to fig. /b. except tor sep.ir.ae 
spectr.il present.it ions of the tuile-wim) 
convergerce in the West Pjcific (west nt 
lbO”W, ((.ished spectriin' rtnil 'confidence 
limits curves) .irvi in the f.ist Pacific 
(e,ist of lfiO'’W, full spectrum .ind confidence 
limits I urves). 



fig. /8. filtered time senes (cutoff period ca. lb months) of Balboa winds at bO mb (in knots, 
heavy line) ind the converijente t)ptwi*en ttie two Atl.intic trade-wind systemi^^ (m,',er, 
thin line). Numeric.il valu**s indicate the time intervals, in months, between extremes of 
the Q80 in the Balboa winds, (filler computations by .1. Middleton. ) 
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'ig, 79. Interannual differences of filtered Atlantic 
trade-wind convergence data (iso-lines for 
each 0.1 m/sec). Thin lines indicate in- 
phase, heavy lines out-of-phase behavior 
of QBO. Data from Table 4, 
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TABLE 4. Atlantic trade wind convergence (-V|,j ^ * ''S H "'onthly means, 

using a low-pass filter with cutoff frequency at 0.09100 months The horizontal 
lines indicate phase shifts of the QCO, allowed for in Fig. 79 (After J. Middleton, 
unpubl ished work). 


Year 

Jan 

fro 

Mar 

April 

May 

Junr 

July 

Aug 

Sept 

Oct 

Nov 

Dec 

19S3 

0 06 

-0 01 

-0 07 

■0 IZ 

-0. IS 

-0 15 

•0 IZ 

•0 06 

0 00 

0.07 

0. 13 

0.17 

19S4 

U 19 

0 19 

0 1/ 

0 IS 

0 13 

0 IZ 

0 13 

0 IS 

0 17 

0. 19 

0 ZO 

0.19 

19bS 

0 16 

0 10 

0 04 

-0 01 

-0 OS 

•0.06 

•0 03 

0 03 

0 11 

0 ZO 

0 Z8 

0 34 

19S6 

0 3S 

0.34 

0 79 

0 22 

0 14 

0 0/ 

0.01 

•0 03 

•0 06 

•0.07 

•0 08 

•0 08 

19S; 

•0 09 

-0 09 

•0 07 

•0 04 

0.00 

0 OS 

0 10 

0 IS 

0. 1/ 

0 18 

0 18 

0 IS 

19SR 

0 n 

0 10 

0 OH 

0 06 

0 06 

0 06 

0 06 

0 OS 

0 03 

•0 00 

•0 OS 

•0 10 

I9S9 

•0 IS 

-0 ZO 

-0 Z6 

-0 11 

-0 3S 

■0 39 

•0 4Z 

•0 44 

•0 44 

•0 41 

•0.37 

•0.31 

l%0 

•0 ZZ 

-0 IZ 

-0 OZ 

0 0/ 

0. IS 

0 18 

0 18 

0. 14 

0 OS 

•0 06 

-0 19 

•0 31 

1961 

-0 39 

-0 43 

-0 4Z 

-0 IS 

-0 Z4 

•0 IZ 

0 00 

0 10 

0 IS 

0.17 

0 IS 

0 11 

196Z 

0,0/ 

0 04 

0 0) 

0 06 

0 11 

0 IH 

0 Z4 

0 Z9 

0 30 

0 Z8 

0 ZJ 

0 IS 

1963 

0 0/ 

•0.01 

-0 07 

-0 11 

-0 IZ 

•0. 10 

•0 08 

•0 04 

•0 00 

0.04 

0.08 

0 IZ 

1%4 

0 1/ 

0 72 

0.Z7 

0 30 

0 31 

0 Z9 

0 Z6 

0 Z1 

0 14 

0 08 

0.03 

•0 01 

196S 

-0 04 

-0 06 

•0 08 

-0. 10 

-0 IZ 

•0 IS 

•0 18 

•0. 19 

•0 18 

•0 IS 

•0 10 

•0 04 

1966 

0 OZ 

0 06 

0 09 

0 OS 

O.OS 

0 no 

•0 04 

•0.09 

•0 11 

•0 10 

•0.0/ 

•0 03 

196/ 

0 OZ 

0 0/ 

0 10 

0 10 

0 09 

0 06 

or — D'oo"~o:or — it m — itih — nra 

1968 

0 IS 

0 19 

0 Z1 

0 ZO 

0 17 

0 10 

0 OZ 

•0.0/ 

•0 14 

•0. 19 

•O.ZZ 

•o.zo 

1969 

-0 16 

-0 09 

-0 01 

0 08 

n T7 — 0 71 

0 Z6 

0 Z/ 

0 Z5 

0 Z1 

0. 14 

0 06 

19/0 

-Tl 07' 

■■•TT ir 

70- 


-0 34 

-0 39 

•0 40 

•0 39 

•0 14 

•0 Z6 

•0 IS 

•0 01 

19/1 

0.u9 

0 19 

O.ZS 

0 Z9 

0 Z8 

0.?4 

0. 19 

Oil 

0 08 

U 04 

0 03 

0 04 


QBO. (- ♦ Vj„)/2, Atlantic Trades 

Filter Cutoff 0 091 months"^ 
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Fig. 80. Mean amplitude of the QBC of the Atlantic 
trade-wind convergence, m/sec (solid line) 
and standard deviation (dashed), obtained 
from the filtered data of Table 4. 
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Fig. 81. Months of transition from positive to nega- 
tive anomalies in the 50-mb Balboa winds. 
Directions of change and frequencies of that 
transition are represented by the arrow 
heads. (From Brier, 1978.) 


1967/68 followed a prolonged phase-shift in the trade- 
wind QBO lasting from July 1966 through June 1967 
(Fig. 79). A similar phase shift in the S-season 
stratospheric QBO was noted by Brier (1978) in the 
winter of 1964/65 (Fig. 82). The Atlantic trade-wind 
QBO in Fig. 79 indicates a phase anomaly in November 
and December of 1964. After the general phase shifts 
in stratospheric QBO of the N- and S-seasons during 
1967/68 there occured a phase shift in the trade-wind 
QBO early in 1970. This shift did not seem to be 
reflected in the stratosphere. 

The foregoing discussion leads us to the con- 
clusion that phase anomalies in the QBO of the At- 
lantic trade-wind convergence occurring in summer and 


fall presage phase shifts in the stratospheric QBO. 
Brier (1978) suspected that the stratospheric QBO is 
forced by, perhaps seasonably dependent, feedback 
processes from outside the stratosphere. Our data 

seem to provide the answer to Brier's quest: The 

forcing of the stratospheric QBO seems to originate in 
the trade-wind regimes of the Atlantic longitude 
sectors and, more specifically, in the convergence 
between these regimes which affects the rising branch 
of the Hadley cel 1 . 

A QBO is barely indicated in the u-component of 
the North Atlantic trade winds (Fig. 83), but is 
"swamped" by lower frequencies in the smoothed 
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Fig. 82. Seasonal averages of mean monthly zonal wind anomalies at 50 mb, Balboa, Canal Zone, 
1950*76. The season November-Apri 1 is designated as S, the season May-Octooer as N. 
The lag-one correlation for the S-season values is r = -0.76, that for the N-season 
values is r = -0.78. If these correlations were the results of a feedback mechanism 
with four links in the chain, the individual links must have correlations near 

0.76^^^ = 0.93. (From Brier, 1978.) 
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Fig. 83. 5-point smoothed power spectra (non-normal ized) of the Atlantic trade-wind u-components , 
(a) northern hemisphere; (b) southern hemisphere; (c) average of northern and southern 
hemisphere. For further details see legend of Fig. 75. 
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spectra. Neiihei ^ nor ^ H reveal 

a QBO in their spectra (Fig. 83). One should expect 
this result, because V|^ ^ and Uj^ ^ are moderatel> 

well correlated, better in the Pacific than in the 
Atlantic (Fig. 84a, b). For some yet unexplained 
reason this correlation is better expressed for the 
trade-wind components in the northern hemisphere than 
for those in the southern hemisphere (Fig. 84c, d). 


Furthermore, we find a significant negative correla- 
tion in the Pacific between v^ ^ and ^ with v^ ^ 

leading by approximately one month (Fig. 84f). This 
means that surges in the equatorward v-component in 
one hemisphere tend to induce a similar surge in the 
other hemisphere. In the Atlantic such interaction 
between the two trade-wind systems does not appear to 
be indicated (Fig. 84e). On the other hand, a cor- 
relation with a lag of about 12 months appears in the 
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trdd?*win(l u-components of thn Atlantic, especially in 
the /-month smoothed data, with ^ leading ^ 

(fig. 84g). No such co? relation is indicated over the 
Pacific (fig. 84h). Ihe u-component behavior shown in 
H(j. 84g IS in agreemei.t with the guasi-biennial 
modulation of the trade winds describei) earlier- 
Signif’cant positive correlations are encountered at 
lags from 0 to *1^ months. 

In reviewing the 'ow-pass filtered wind data from 
the 50-mt) 'evel over Ba hoa (Fig. /0) we notice that 
the periods between peaks if westerlies and easterlies 
are not varying at random bit appear to be at a mini- 
mum of 2i to 24 months in thi late 19b0's, at a maxi- 
mum of 3b months in the late 19(i0's, followed by a 
rapid decrease to 24 months in the earlv 1970' s we 
think that it is more than jusi a curious coincidence 
that the variability in the QFJ periodicity matches, 
with a ne<|ative correlation, i.he long-teim trends in 
the u-components of the Atlintic trade-wind systems 
(Fig. 8b). 

If, indeed, a 'I'esoack mechanism wit . the ocean 
wei-e responsible for the variability in trade-wind 
convergence, as po'^ulated in fig. /(', the difference 
■n characteristir times involved in such 'eedbacks 
ovei the Pacific and Atlantic arei. miijht prnU.le .in 
explanation for the otiser vat ional fact that the At- 
lantic trade-wind convergence ■ .j qbq am) the 

Pacific trade convergence does not (Fig. 76). In the 
search for possible feedti.ick mechanisms that have 
characteristic times of a year or longer we should 
recall our earlier disi.ussion concerning trends in the 
kuroshio current velocities and their possible rela- 
tion to trends in the North Pacific trade-wind veloc- 
ities. from a crude evaluation of oceanoip aphic 


Charts Reiter (19/8c) estimated that the half-period 
for the North Pacific subtropical gyre rotation (i.e. 
the time reguired for a water mass to travel from the 
eguatorial Central Pacific through the Kuroshio into 
the Central North Pacific) is of the order of 20 
months (Fig. 86). Reiter's evaluation involves only 
the f ast-travel ing "half" of the subtropical Pacific 
gyre. For the whole gyre Favorite and McLain (1973) 
arrived at a period of b to 6 years, which is within 
the rancje of values indicated by fig. 86. bSf fluctu- 
ations in the region 40-4b°N and 170-17b“l, indeed, 
reveal a gua-.i-periodicity of b to 6 years (fig. b6) 

A similar evaluation for the North Atlantic yields a 
half period of the subtropical gyre of the order of 
une year (f ig. 87 ) 

If the Pacific and Atlantic Hadley cells, indeed, 
were modulated by an extr.itropir.al feedback mechanism 

J postulated in fitj. 6b, involving trade-wind vai i- 
lity, water mass transport through the western 
i undary current systems, advective effects on bST 
momalies in mid- lat i tude-. , their influence on atmo- 
spt'eric tem(>eratures and meridional temperature gradi- 
ents, we might expect a response of the Atlantic 
tradi-wind systems to inter.ict strongly with the 
innual cycle, resulting in a QBO, whereas the Pacific 
trades would be more inclined towards a guasi-per lod- 
icity near 10 months, i.e. 3 to 4 years, or longer. 
Direct evidence for sucti a specti'il peak in the 
Pacific trade-wind convergence (Figs. 76 and 77) is 
weak, perhaps because of the relative shortness of the 
record. The Line-Island precipitation, for which a 
record of 66 ye.ir-, has been compiled by Meisner- ( 1976) 
shows sucti a spectral peak very prominently, .approach- 
ing the 96 percent confidence level (fig. 88). 

The current velocity estimates shown in Figs. 86 
and 87, admittedly, are very crude. They do not take 
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Fig. 84. Lag correlations between monthly anomalies of the zonal and meridional components of sur- 
face winds averaged over the Atlantic and Pacific trade-wind regions (b°N-19“N, 89°W- 
10°W; i°S-15“S, 4C°W-13°E; b°N-19“N, 12b°E-95°W; l‘’S-lb°S, 125°E-7b°W). West winds and 
south winds are considered as positive. Correlation coefficients are labelled along the 
ordinates, time lags along the abscissas of each diagram. Dots indicate correlations 
obtained from individual monthly anomaly values, the solid curves give correlations be- 
tween seven-month smoothed data sets. 
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Fig. 84 (Continued) 
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Period of QBO, 50mb, Balboa 
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Fig. 85. The hodoqraph gives the period (in months, labelled on left side of diagram) of the QBO of 
the 50-mb winds at Balboa, smoothed by low-pass filter as indicated in Fig. 78. The two 
dashed lines are the North and Scuth Atlantic zonal wind component anomalies (see Fig. 
66), approximated by a third-order polynomial, plotted with respect to arbitrary zero- 
reference lines. Stronger-than-normal easterlies are expressed as positive departures. 
The distance between two ordinate scale lines corresponds to 0.8 knots. 
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If a OBO of ai\ averaqt* cycle length of 26 numthb 
can be assumed for the Atlantic trade-wind conver- 
gence. we should hope to find the impi'int of such a 
cycle in the influence region of these wind systems. 
Indeed, we find a 13- and 26-year cycle in the rain- 
fall at fortaleza. Cerea. northea-tein Brazil 
(Markham. 1974, Strang, 1979; Girardi and feineira. 
1978). That station and others in the dry tegion of 
northeastern Brazil are ch.iracterized tiy a very sharp- 
ly defined rvainy season which peaks in Match-April 
(Mg. 89), (Strang, 1972). The 13-year cycle can be 
inteiT>eted .as the 'dieating" frequency nt the QBO 
against the annual cycle, and the 26-year cycle, of 
course, would be the first harmonic of that tiealing 
ftequency (Figs. 90-92). 

The question lemains whethe- teeoback mechatiisms 
with the ocean, as illustiated in Fig. 70. implying 
low-latitude SST vari.ability as a trigijering mechanism 
for the variability of latent-heat release in the ITCZ 
and (if Hadley-cell intens'ty. could also be involved 
in the Atlantic QBO. ‘.ucfi a pussibilit> is implied in 
results obtained by M.arkh.am and McLain (1‘’77) who 
found a pc‘ itive correlation between SST .oiomalii". in 
.-••rtain regions o* the egu.atorial Atlantic and '.ain- 
•al' in Cera, lortheasfern Brazil (fig 93). Fi()uie 
67 'how- the location ut several oceaiaic areas for 
which SST-anomal'v beh.aviot was invest iqateii f ir|ure 
94 illuitraies the time series o. anomalies fur 

several of these areas. Indeed, wi' find .a QBO prev.a- 
lent in regions of* the coast of eneqal, as wall as 
in the Gulf of Guinea, wher'e cold upwellinq water from 
coastal regions becomes etairained into the North- and 
South-Equator ial currents. It apftears that this 
upwellinq in the Gulf of Guinea is raot as much *orced 
Oy the local longshore component of ftre wind as tne fl 
Nino (Houqhtirn. 1976), but by coastal wind t:/rc!nq 
-everal hundred kilometers to the east of the up- 
well rttq region (Bakun, 19/8; Clarke, 1979). The 
t'aiaring o* Mternal gravity wave disturbances stems 
’.o play a major role in this cod'tal .ipwelling 
(0 Brief) .ind rnlamei , 1978; Ad.amec and 0 Brren. I‘.t78). 

Lag correlations tretween (-.^^ ;/2 and 

ssr arromalies in various egvraforjal areas uf the 
Atlantic do not tell a '-ry convinc’rrrj torv iretause 
cf the rather low cor'-eu’ on coefficients, '-pecial- 
y 'n Area 13. war-mest w)tt” tends to appear- almo-t 
simultaneously with stionrjest tride-wiril ronvergence 
(Fig. 96) perhaps indacatinq r tee.jfiark mechani-m as 
expressed in fig. 70. If ssl aMumalia', in. bed. were 
assi(jned the role of a 'switching mei fiani sm" as po- tu- 
'ated in that ifiagram, the time i.ag effect on the 
Harllev cell behavior woulrl be rather short 

lamb ( 1978) also trod-, pirsilive SSI anomalies in 
the Gult of Guinea associated with .tronger-than- 
lutr-mal Atlarrtic tradf wit'ds. is measured by their 
resultant-wind fields. Such occurrences, when en- 
countered during July-September . tend to pu'l the 


equatorial trough -anil the North Atlantic subtropical 
high f.arther south than normal, leading to drought 
londitions in th*' su()-..aharan region. 

As .1 'ittal note. ,i r.itfre* pronounceif QBO is 
evidr'iit in the SST anomalies of Area 1 in the quit 
StrrMm (fig. 9(i). i he correlation of this QBO with 
the one oliserved in {-v^ ^ K ) ’7 f'' **‘1 ' 

t'g g fl ll”' Atlantic tradr« winds is poor (fig. 97). 

A neijative correl.it ion with the trade-wind convergence 
is indii.’ted, howi'ver . A more detailed investigation 
will h,u»’ to be Carried out of the extent of the QBO 
in the aforement iiinr'd Gulf Stream rerjion and its 
possiti'e connection with events in other parts of the 
Atlantic subtropical gyre. 

A spectrum analy. is of SST anomalies in Area 1 
shows .1 peak at aptirox im.itely 14 months which is more 
prominerr th.in that of th** QBO (Mg. 98). Ttie SST 
difference betwer'O Ar-eas 1 and 2 reve.ils a similar 
spectral peal' (I ig. 99). One might Ire tempted tn 
.iscritre this pe.ik to the Chandler title (see e.g 
Bt'v',.on ind 3t)i''. 1977, 1978. Wilson, 1978; ‘star*- and 
Bryson. 1978). On the other hand, one night v'tice the 
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Tig. 89. Seasonal variation of precipitation at 
Brazilian stations representing 'Type 3" 
rainy seasons, i.e. precipitation peaking 
in March. (From Strang, 1972.) 



*"*' leso IStC IBTO 1880 18*0 1900 1910 19Z0 19S0 l*4C 19S0 t*«0 1*70 1*80 

Fig. 90. Annual precipitation at Fortaleza. Ceata, Brazil from 1849 to 1977 (solid line). Sinusoidal curves of 
a 13-year cycle (dashed-dotted) and a 26-year cycle (dashed) are superimposed, (From Girardi and 
Teixeira, 1978. ) 
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fig. 91. Spectrum of annu-jl precipitation at Fortaleza, Ceara, as a function of frequency, expressed as 
cycles per 129 years. fguivalent periods in years are also indicated along abscissa. (From 
Girardi and leizeira, 1978.) 
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Fig. 92. Precipitation at Fortaleza, Ceara, Brazil, in mm Upper diagram: Superposition of 25.6- and 12.8- 
year cycles. Lower diagram: Superposition of 64. 0-, 25.6-, 18. 3-, 12. 8-, 9.14- and 4.9-year cycles 
(heavy line) and 3-year moving averages of observed precipitation (thin line). Years are marked along 
the abscissa. (From Girardi and Teixeira, 1978.) 


52 




rig. Correlation between SST and January-F ebruary-Mar rainfall indices in Ceara. An area of high 

coefficient of correlation appears off the African coast in November, becomes strong in Decemlier, 
moves westward with the South fguatorial Currettt during Januaiy, Febi'uary and March, and dis- 
appears in April. (From Markham and Mclain, 197/.) 


suspicion that the 14-month spectral peak shown in 
these two diagrams is the effect of two guas i-biennial 
oscillations interacting with each other, is is >ug- 
ge.^ted by the horizontal lines wMh arrows, latielle.j 
in terms of mordhs, in Fig. 9(r. It still remains to 
be invest ig.ited if the interaction of a QBO with the 
annual cycle of SSI would protfuce fluctuations similar 
to those shown in Firj. 96. It also appears wroth 


mentioning that the increase of QBO periods towards 
19/0 and the suhseguent rapid decrease towards a 
minimum period in 1974 agrees well with the trends of 
the zonal component o* the North Atlantic t'srde winds, 
u^ ^ . shewn in Fig. 89. This lends some support to 

our notion that the QBO in the SSI anomalies nf Area 1 
are tied to the trade-wind QBO, in spite o* the weak 
corr-elations rev'aled by F ig. 97. 


4. CCNCLIJSION 


The foregoing tiiscussion has pointed out the 
possible existence of several powerful feedback mecha- 
nisms between ocean and atmosphere that could have a 
significant effect on interannual and long-term atmos- 
pheric variability. Some of these mechanisms involve 
the hydrological cycle through fluctuafions in hemi- 
spheric or- regional evaporation and precipitatiori 
rates. Unfortunately, these fluctuations are diffi- 
cult to estimate from our data base, and the reli- 
ability of our preliminary estimates is guest ionable. 

Since ocean surface temperatures over wide areas, 
especially in extratropical regions, reveal relatively 
large long-term trends, special attention should be 
devoted to the effects of SST anomalies on the ocean- 
atmosphere energy exchange in the form of latent and 
sensible heat transfer through the interface. We are 
presently planning a detailed assessment of such 
energy transfers, and of the imprint that such trans- 
fers leave in the for-m of changes of atmospheric 
structure and heat content. 


with the la-^ge observed and d«*diiceil changes in 
ocean surface temperatures and gyre circulations one 
migtit expect that gas exchange with the atmosphere, 
notably the exchange of CO^ might be modulated by 

oceanic trends. Newell and Wear»> (1976b) and Bacastow 
(1977) pointed out such possibilities. A detailed 
assessment should be made for ocean areas in all 
latitudes. 

There is a distinct possibility that the strato- 
spheric QBO is forced by tropospheric variability in 
the Atlantic sector. Some of the observational evi- 
dence to this effect, presented in this report, will 
have to be compared with theoretical approaches, 
notably those by Lindzen and Holton (1968). Several 
nf the assumptions underlying these approaches, most 
likely, can now be refined in the light of new evi- 
dence. 
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SST Area 13 {-v. v „ ) 2 
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Lag correlations between sea-surfare temper- 
ature anomalies in Area 13 of the equatorial 
Atlantic (see fig. 67) and (-Vj^ ^ )/? 

of the Atlantic trade winds. Dots stand 
for correlations computed from unsmoothed 
monthly data. The line indicates correla- 
tions obtained from 7-month smoothed data 
sets. Corhelation coefficients are given 
along the ordinate, time lags (in months) 
along the abscissa. 



Fig. 96. SST anomalies (°C) in Area 1 (see Fig. b/). Horizontal scale indicates years. Horizontal marks 
with numbers indicate certain quasi-periodicities in months. 
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lag correlations hetween sea-surface temper- 
ature anomalies in Area 1 of the North At- 
lantic (see M(). 67) and (-v^ ^ )/? 


(upper diagram) 


as well as -i)^ ^ 


( lower 


diagram) of the Atlantic trade winds. Dots 
stand for correlations computed from un- 


smoothed, monthly data. The lines indicate 
correlations obtained from 7-month smoothed 


data sets. Correlation coefficients are 


labelled along the ordinates, time lags 
in months along the abscissas of the 
diagrams. 


Atlantic SST 

Area 1 Area 2 Ni'fm.di^(*(l,rs-R Smooth«‘d 



Fig. 98. Normalized, 3-point smoothed spectra of 
SST anomalies in Areas 1 (heavy line) and 
2 (thin line) of the Atlantic (see Fig. 
67). Periods in months are indicated along 
the top of the diagram. 


Atlantic ASST 

Areal - Area 2, Normalized 3-Pt Smoothed 



Fig. 99. Normalized, 3-point smoothed spectrum of 
the SSf anomaly difference between Atlantic 
Areas 1 and 2 (see Fig. 67). Periods in 
months ar-e indicated aloiig the top of the 
diagram. 


The interaction of trade-wind convergence, latent 
heat release in the ITCZ, and the intensity of the 
Hadley cell and of the subtropical jet stream will 
have to be checked more carefully and in a more quan- 
titative manner than has been possible in this pre- 
liminary investigation. 

There is evidence that individual wave distur- 
bances in the ITCZ region operate along the feedback 


mechanisms involving trade-wind convergence and re- 
lease of latent heat. Thompson et al. (1979) show a 
correlation between the meridional component of the 
trade winds in the GATE B-scale network, vertical 
velocities, and precipitation (Fig. 100). From a 
detailed budget analysis it became apparent that the 
vertical eddy fluxes in such wave disturbances supply 
energy to the large-scale flow, as postulated in our 
hypothesis. We, therefore, should attempt to explain 
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thf inter^nnu .11 v^rMbility of the intensity of the 
H.i(llpy ce M with the varidbi 1 i ty of either the fre* 
guency, or the intensity of these tropicdl w.ive dis- 
tur-Ddhces. (tr- d combination of both. 

In this content it might be of interest to note 
that Riehl (1977) ot)served ?0% of convective precipi- 
tation echoes penetrating the 200-mb level in the 
summer of 1969 during a meteorological experiment in 
Vene/ueld In 197? the percentage was 35. Riehl 
ascribes the difference to adjustments in the maximum 
radar antentra tilt We note from fig. 73. however, 
that the trade-wind convergence was at a minimum 
during the summer of 1969 and much higher in 197?. 
Iherefore it is possible that intensity changes of 
convective systems had taken place tietween the two 
periods during which the Venezuela experiment hail been 
running. 

We should expect that the mean position of the 
ITC/ is also influenced by the energy releases oc- 
curring within its domain. Indications for such a 
possibility were given by Kraus (1977b). 

Ihe interactions of a OBO in the Atlantic trade 
winds, and of i somewhat longer but less pronounced 
periodicity in the Pacific trarfes, with the annual 
cycle provide intriguing possibilities of long-Dei lod 
"beating" freguencies aiipearing in some geophysical 
records. This area of investigation deserves more 
attention, but with carefully targeted and cautious 
approaches. 


I 
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Fig. 100. Variations at the center of the GATE B- 
scale network of the meridional wind com- 
ponent v(m/sec), the vertical velocity -u 

at 700 mb (10*^ mb/sec), and precipitation 
rate P^(mm/day), during a period in August- 

September 1974 (Phase 111 of GATE). (From 
Thompson et al . , 1979. ) 
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